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GLOSSARY OF TERMS i

Amplitude - The maximum value of the displacement of a wave
or the periodic movement of a ship from the mean
zero position.

) Bilge - The curved portion of a ship section, where the
side hull meets with the bottom.

Bow and

stern - The forward and aft parts of a ship, respectively.
Geometrically, they may be referred to as FP (For-
ward Perpendicular) and AP (After Perpendicular),
respectively. The forward perpendicular is the
line perpendicular to the keel line through the
intersection of the ship design water line and
the foreside of the bow. The after perpendicular
on the other hand, is the vertical line through
the intersection of the design water line and the
after side of the stern contour or the straight
portion of the rudder post for ships possessing
a well-defined rudder post.

Broaching - A ship turning broadside to the waves.

gravity of a ship, the following two terms are used:
LCG - longitudinal center of gravity of a ship,
measured from AP
VCG - vertical center of gravity of a ship,
) measured from keel.

)
CG - Center of gravity. To describe the center of ; H
1

Course ~ The intended horizontal direction of travel of a
ship.
Course
) Made Good -~ The direction of a point of arrival from a point
of departure. In the present case, it is defined
: as the direction corresponding to that portion of
] the recorded track for which the ship holds a
i steady course.

PRV

) Displace-
ment - The weight of the water displaced by a ship; the
weight of a ship. Also used to denote the move-
ment of a ship in any given mode.

DWT - Deadweight tonnage; the weight of cargo, stores,
» and bunker fuel which a ship can carry.




Effective
Lane Width -

Excursion

Heading

Period of
Encounter

Port and
Starboard

Principal
Dimensions

Ship
Motions

The total lane width requirement for a ship .
passage; a combination of the ship's track
width and the additional cross-channel projec-
tion of the ship due to yaw.

Total movement up or down at any particular loca-

tion of a ship in any particular direction. S

Bow excursion - total vertical movement due to
the combined motions of pitch ii
and heave at the bow i

Stern excursion - total vertical movement due to :
the combined motions of pitch ;
and heave at the stern ‘

Side excursion - total vertical movement due to
the combined motions of heave
and roll at the port or star-
board side, amidships

Sideways excursion - horizontal movement of a
ship; sway.

st s Mo

The horizontal direction in which a ship actually
points or heads at any instant.

Apparent period of waves as observed from a
moving ship.

The left and right side of a ship, respectively.

Length - two lengths of a ship are normally used:
LOA - length overall, the overall length
of a ship from bow to stern
LBP - length between perpendicular, the
distance between FP and AP, the
characteristic length normally
defined by a naval architect.

Beam - the maximum width of a ship or the width
amidships

Depth - the vertical distance between keel and
the main deck

Draft - the depth to which a vessel is submerged.

Without any constraint, a ship moves in six degrees

of freedom in a seaway:

Surge -~ bodily movement of a ship in the fore
and aft direction

Sway - bodily movement of a ship in a direction
normal to the heading

Heave - linear oscillatory motion in the vertical
direction

xi
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Vessel

Pt )

Penetration -

Vessel
Track or
Trajectory

Roll - angular oscillatory motion about a
ship's longitudinal axis

Pitch -~ angular oscillatory motion about a
ship's lateral axis

Yaw - angular oscillatory motion abou: a
ship's vertical axis.

The maximum depth of submergence of a vessel
when it is in motion.

The horizontal path described by the center of
gravity of a ship during a transit.
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1.0 INTRODUCTION

This study is a part of the overall program for the Columbia
River channel development directed by the U.S. Army Corps of
Engineers, Portland District. The objective of this study is
to assist the Corps to validate the channel design assumptions
by directly measuring the motion characteristics of deep~draft
vessels as they transit through the entrance channel. The
general location of interest for the present study is shown in

Figure 1.

The study consists of two phases. The first phase of the

study was initiated in November 1977 and completed in September
1979. The actual field measurements in this phase covered one
late spring season from May through June of 1978 and one winter
season from November 1978 through March 1979, providing data

of ship motions for 29 ship-transits. The second phase started
in late September 1979 and the field operation was extended

to early April of 1980 to include 24 more ship-transits.
Analyses of the first phase data have been presented in the
Phase I report [1]. The present report summarizes the

results of analysis for both Phase I and II data and thus
represents the final report of the study and supersedes the
Phase I report.

In conjunction with the study, a wave measurement program was
initiated with the cooperation of the U.S. Army Coastal Engi-
neering Research Center (CERC) and the Pacific Marine Environ-
mental Laboratory of NOAA. During the field operation period
of the Phase I study (May 1978 to March 1979), three sets of
wave data were collected simultaneously in conjunction with
the ship motion data measurements. Wave data were collected
in conjunction with all but four of the ship transits during
the Phase II study. The wave measurements were additionally

enhanced by a radar-image program to provide information on
the direction of the wave field beginning at the latter part

cm e .
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of the first phase study. As a part of the system, a time-
lapse camera to photograph a Raytheon radar scope was included
and installed at Cape Disappointment, Washington. Simultaneous
recordings from wave gauges and radar image with ship motion
measurements were in principle intended in the entire second
phase.

The application of vessel motion analysis to channel design

is a multi-loop process. As indicated by the block diagram
shown in Figure 2, a ship is subjected to environmental dis-
turbances (wave, current, wind, etc.), ship-channel inter-
actions and the pilot control to yield six degrees of freedom
motions. Once the vessel motion characteristics become avail-
able, the design process may proceed and the channel particu-
lars can be evolved. As a result, however, the ship-channel
interactions will be modified and the pilot command may be

PILOT

RESPONSE
ENVIRONMENTAL | sumee moLL
DISTURBANCES Swe SWAY  PITCH
HEAVE YAW
I A
HYDRODYNAMIC NAVIGATION
INTERACTIONS AIDS
I A
v
CHANNEL DESIGN
ITERATIONS
CHANNEL | -<——t DEPTH
WIDTH

Figure 2 Iteration Procedure for Channel Design Analysis
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affected, and thus an optimum design must be accomplished
through iteration procedures.

The interaction between vessel motion and channel design has
become a challenging problem to scientists and engineers inter-
nationally. For instance, a symposium specifically on the
navigability of constraint waterways was jointly sponsored by
the Permanent International Association of Navigation Congresses
(PIANC) and the International Association for Hydraulic Research
(IAHR) and held in Delft, the Netherlands, 1978 [2]. A summary
of the papers presented at the symposium has been reported by
Abraham and Lepetit [3]. 1In the United States, two conferences
related to navigation channel design were held at Vicksburg,
Mississippi, both sponsored by the U.S. Army Corps of Engineers
(4, 5].

The interest in this problem in this country was actually
initiated several years ago when a Task Committee on Ship
Channels was formed by the Committee on Ports and Harbors of
the Waterways, Harbors and Coastal Engineering Division of the
American Society of Civil Engineers (ASCE) to investigate the
engineering of safe, adequate and economic channels and man-
euver .ng areas for large sea-going vessels. A progress report
of the Task Committee was presented at the ASCE National Trans-
portation Engineering Meeting held at Boston, Massachusetts,
1970, and altogether seven reports were planned to be published
subsequently in the ASCE journal [6].

Not many previous studies exist in applying full-scale measure-
ments of vessel motions to channel or waterway design. Naval
architects have utilized shipboard measurements to evaluate
motions and stresses for a given type of vessel under various
sea conditions. For instance, Bledsoe et al. [7] analyzed
three Dutch destroyer motions using their shipboard recorded
trial data, and Jasper (8] statistically interpreted the

measured motion and stress data for several U.S. naval vessels.
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More recently, a very sophisticated instrumentation system

was installed on board the American container ship Sea-Land
McLean and continuously recorded motions, stresses and the
bending moment data for several years [9]. Due to governmental
and industrial interest in these programs long term support was
made available which is not ordinarily the case. Also, the
sensors and instrumentation used in these programs were custom
designed for permanent installation aboard a particular vessel.

The purpose of the present measurement program is somewhat
different, as the measurements in this program must deal with
a number of different vessels but at one location, a given
entrance channel. Consequently, the instrumentation required
in this program must be portable and easy to install and
remove from vessel to vessel.

The report is organized as follows. The instrumentation sys-
tem is detailed in Section 2. Field operations and procedures
are outlined in Section 3 followed by a summary of the basic
data consisting of generalized voyage descriptions and vessel
characteristics in Section 4. A detailed discussion of environ-
mental conditions at the study site together with the environ-
mental conditions actually encountered during the field study
is presented in Section 5. The methodology and procedures to
process and analyze the recorded data are then given in Section
6. Time history plots of all motion variables together with
the vessel track trajectory for each voyage are summarized in
Appendix A. A statistical analysis of the recorded data has
been conducted and some statistical correlations have been
presented in Sections 7 and 8. Spectral estimates for ship
motions and wave data are summarized and correlated in Section
9. The significant results derived from this analysis are

then summarized in Secticn 10.

The repository for the raw data recorded on each voyage is the
Portland District Army Corps of Engineers. All inquiries
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concerning the raw data should be addressed to the following:

Advance Engineering Unit

Portland District, U.S. Army Corps of Engineers
Post Office Box 2946

Portland, Oregcn 97208




2.0 INSTRUMENTAT ION :

2.1 INTRODUCTION

The Ship Motion and Positioning System, SMPS, was developed to
monitor and record motion characteristics of deep draft vessels
transiting through the entrance channel of the Columbia River.
Motions of particular interest are pitch, roll, heave, yaw and %
position of the ship in the channel. The SMPS is equipped with
instrumentation to monitor and record pitch, roll, vertical

acceleration, ship's heading and position. Heave and yaw motions

cannot be measured directly, but are analytically determined

from the vertical acceleration and ship's heading, respectively.

A brief discussion of the design constraints, system descrip-

tion, and individual components of the SMPS is given in the

following sections.
q 2.2 DESIGN CONSTRAINTS

Due to the transfer of the SMPS from ship to ship, the shipboard

environment, and the data acquisition requirements, several con-
straints were imposed upon the design of the system. These
constraints include compact size, portability, capability of
utilizing the ship's power system without interference to or
from the shipboard environment and the ability to rapidly
monitor and record large gquantities of data.

Physical Size

The SMPS was designed to set up and operate in the bridge area
of the ships. Because space is often limited in the bridge,
the SMPS had to be compact and adaptable to the space available.

The navigational chart table was usually large enough to accom-
modate the SMPS, but on occasion the components of the SMPS
had to be physically separated. This problem was overcome by




utilizing long power and interconnecting cables between compo-
nents. The minimal space needed to set up the SMPS is a sur-

face area of approximately 5.5' x 2.5'.

The nature of the field work necessitated shipping the SMPS
via commercial air freight and automobile. In order to meet
this need the individual components and accessories are pro-
vided with foam lined fiberglass shipping crates. The crates
are approximately 2' x 2' x 4' and are easily handled by two
people. The entire SMPS can be shipped in six crates weighing
a total of approximately 400 1lbs., thus making the system
easily transportable.

Shipboard Environment

A major concern in the design and utilization of the SMPS was

the problem of interference to or from the ship's electronics
and/or radar system. Electrical interference was minimized by
using shielded cables and grounding all instrumentation.

In addition, RC filters (-3 db 60 Hz) were used on each

of the analog multiplexer channels to filter unwanted electrical
noise. Since the data of interest are at much lower frequencies,

no net effects of filtering on these data are considered.

Radar interference between the positioning system and the
ship's radar was not a problem. The positioning system has

an operating frequency of 5480-5570 MHz while the ship's radar
system operates at either 3050 + 10 MHz or 9375 + 30 MHz
depending upon the desired resolution.

One problem encountered was with the ship's power supply.

The SMPS is dependent upon the available power in the wheel-
house of the ship. American flag ships have standard 110 volts
while foreign flag ships may vary from country to country. A
100 volt and 220 volt system was encountered on board Japanese

and Norwegian ships, respectively. Because the SMPS uses 110
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volts, it was necessary to obtain a 220-110 volt transformer
and European electrical plugs to adapt to the European ships.
No changes were necessary for the Japanese ships.

Data Recovery

The most imposing constraint upon the SMPS was the need to
monitor and record the data at a rate of 5 scans/second for a
period of approximately 30 minutes. The data must be recorded
five times per second so that the vertical acceleration data
will lend itself to the necessary numerical analysis to com-
pute the heave. The data acquisition system was designed with
this in mind and is equipped with a tape recorder capable of

storing such large gquantities of data.

2.3 SYSTEM DESCRIPTION

A photograph and schematic block diagram of the SMPS is shown
respectively in Figures 3 and 4. The schematic diagram
illustrates the operational set up of the system and the flow

of data from the sensors to the data recorder.

Operation Profile

The Hewlett-Packard 9825A calculator controls the SMPS. Once
the system hardware is configured and powered up the data
acquisition program is loaded into the calculator. Data
acqguisition is then initiated by running the progam. Data

are read from the mainframe at a predetermined sampling rate
and stored in a buffered area of the calculator memory. The
procedure continues until the buffer is full, at which point
the data are sent to the Qantex Tape Drive for storage on
magnetic tape. The system operation is fully automatic during
this process and continues to read and write data until the

user issues a stop command from the calculator.
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Features of the System

The SMPS is capable of sampling and recording data at rates
from 5 scans/second to 1 scan/hour (software controlled). At
the maximum scan rate of 5 scans/second, data can be recorded
continuously for approximately 35 minutes. In addition to
recording the data, the data is continuously displayed in real
time on the calculator LED display. Also, a hard copy of one
scan of data may be obtained from the calculator strip printer
when the user issues a print statement. The print statement
must be used cautiously as it will interrupt the continuous

data recording.

Data management and editing are facilitated by the versatility
of the Qantex Tape Drive. Once the data is recorded a file

mark is placed at the end of data. The data can then be read
back through the calculator for editing, analysis or transfer

to another storage medium.

Perhaps the most important feature of the SMPS is its porta-
bility, adaptability, and ease of set up and operation. The
entire system can be set up and operating within one hour.
Anyone with a general knowledge of electronics and computers
can easily learn to operate the system. Instrument specifica-

tions are included in Appendix B.

2.4 SYSTEM COMPONENTS

Following is a description of the individual components of the
SMPS. Technical specifications are presented in Appendix B.

Central Controller - Hewlett Packard 9825a

The HP9825A is a programmable calculator with a memory size
of 16K bytes. The programming language is Hewlett-Packard
Language, HPL. Features of the HP9825A include a digital

12




cartridge, LED display, strip printer and I/0 capabilities.

In addition to the above features the following options have
been included for use with the SMPS: General I/O-Extended
I/0 ROM, String-Advanced Programming ROM, 9885M Flexihle Disk
Drive ROM, HP98032A 16 Bit Parallel interface and HP98036A
Serial I/0 Interface.

The calculator can operate on any of the following line volt-
ages: 100, 120, 220, 240 volts. Dimension and weight of

the calculator are approximatel:r 5" x 15" x 20" and 20 1lbs.

Data Processor - Fluidyne 7216a-07 I/O (Mainframe)

The Fluidyne Data Processor is a custom designed instrument.
Included within the mainframe are the time of day clock, 28
VDC power supply for the motion and heading sensors, multi-
plexer and analog to digital converter for the analog data
signals, data input cards for the digital data signals, and a

programmable timing card.

The mainframe has 16 I/0 slots for analog and/or digital data.
Only 7 of the slots are utilized in the SMPS, 3 digital and

4 analog. Digital signals are input directly to the data
input cards while the analog signals are routed through the
multiplexer and analog to digital converter. Only 4 multi-
plexer channels are used, although there are 16 available.

The 4 channels that are used are equipped with RC filters to
reduce electrical noise. The programmable timing card con-
trols the rate at which the 7 data channels are sampled. The
sampling rate is adjustable from 5 scans/second to 1 scan/hour.

There are twoc external connections to the mainframe, both of
which require 110 volts. One source is for the cooling fan
while the other is to power the electronics. The electronic
circuit cards are powered by an internal 5 VDC, 6 A regulated

power supply. The mainframe is the largest and heaviest
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component of the SMPS. The approximate size and weight are
11" x 20" x 20" and 70 1lbs.

A complete loss of data occurred once throughout the project,
on Voyage 49, and was due to a faulty electrical component
within the data processor.

Tape Recorder - Qantex Model 2710-1D~RS232

The Qantex Tape Drive is a portable program loader/logger

equipped with a Hewlett Packard compatible RS$232 interface. ;
Data are stored on a 3MDC300A Data Cartridge which has a 4 J
track storage capacity of 2.5 million bytes or 625,000 bytes

per track. The above features, HP compatability and long,

uninterrupted recording capabilities, were instrumental in

choosing the Qantex for the SMPS system. The Qantex is remote

controlled by the HP9825A. Commands can be issued directly

via the keyboard of the HP9825A or through a program.

The Qantex is self-~contained in an aluminum carrying case
making it ideal for field use. Overall size is 21" x 17" x
7.5" with a total weight of 29 1lbs. A 110 volt power source
is needed to operate the Qantex.

Positioning System - Motorola Mini Ranger III

The Motorola Mini Ranger III is a positioning system based on
the principle of pulse radar. Position of the ship is deter-
mined relative to two fixed reference stations. Operational
range of the system is limited by line-of-sight between the
radar transmitter and the reference stations, this distance
being typically 20 nautical miles depending on the elevation

[P IS

of the radar transmitter and reference stations. With proper

calibration, the range measurements are accurate within + 10 f¢t.




Components of the positioning system include the range console,
receiver-transmitter and two reference stations. The range con-
sole and receiver-transmitter were located shipboard while the
reference stations were permanently positioned one at either
side of the mouth of the Columbia River. The reference stations
are interrogated by the receiver-transmitter and the ranges
computed from the time delay in their response to the receiver-
transmitter. Ranges are updated every second and are displayed
on the range console for the user to observe. The ranges are
later trilaterated to compute the actual position.

Refereiice stations are coded to allow identification of the
ranges. The range console has the capability to inter.rogate
up to four different reference stations, although only two can
be interrogated at one time.

The receiver-transmitter is interfaced to the range console by
means of a 100 ft cable. The range console operates on either
110 or 220 volts and provides a 24-30 VDC supply to the
receiver-transmitter. Each reference station includes a 100
ft power cable and a power inverter which converts 110 VAC to
the required 30 VDC.

The range console cabinet is 18' x 5.5" x 17" and weighs 30
lbs. The receiver-transmitter is 6.25" x 6.5" x 9.25", plus
antenna (9" long), and weighs 5 lbs. The reference stations
are 5.5" x 6.5" x 10.5", plus antenna (10.5" long), and also
weigh 5 lbs. each. The interconnecting cable between the
range console and receiver-transmitter is 100 ft long with a
diameter of approximately 1" and a weight of approximately 40
lbs.

Position data was unavailable on 4 of the 29 voyages in Phase
I (Voyages 3, 8, 14, 25). Two of these occasions were attrib-

utable to reference station failures, one to a reference sta-

tion power supply failure and one to a range console power




supply failure. In the second phase, position data was unavail-
able on 3 of the 24 voyages (Voyages 41, 45, 49). Two of these
occasions were again attributable to reference station failure

and the third was due to the failure in the Fluidyne data

processor.

Motion Sensor - Humphrey, Inc., Model SA09-0201-1

Ship motions--pitch, roll and vertical acceleration--are all
measured by a Humphrey Vertical Stabilized Accelerometer, Model
SA09-0201-1. The instrument consists of a vertical stabilized
gyroscope with an accelerometer mounted on the inner gimbal

and potentiometers on the inner and outer gimbals for measure-
ment of pitch and roll. The accelerometer is mounted such

that it is always vertical; therefore, only vertical accelera-
tions are measured regardless of the orientation of the ship

{(or instrument).

The potentiometer outputs are proportional to the angular dis-
placement about the pitch and roll axes. The mechanical limits
of the gyroscope are + 85° about the pitch axis and 360° about
the roll axis. The maximum pitch and roll electrical displace-
ments are + 50° + 2° with a resolution of 0.2°. Linearity is
0.5% of full scale. The accelerometer has a range of + 2.0G
with an output sensitivity of 2.5 V/G. Accuracy of the
accelerometer is + 0.1% of full scale.

A 28 VDC power supply is used to power the motion sensor.
Voltage to the accelerometer is internally regulated at 24
VDC. Voltage to the spin motor and erection system is regu-
lated through an internal inverter at 115 VAC, 400 Hz, single
phase. The instrument is cylindrical in shape and amazingly
compact with an overall length of 10" and a diameter of 3.13".
Maximum weight is 5 lbs. A mounting bracket is included with

the instrument.




Pitch, roll, and vartical acceleration data were unavailable
on two voyages throughout the project (Voyages 38 and 49).

On one occasion the loss of data was due to the motion ,
sensor and on the other it was due to the previously mentioned }
data processor failure.

Ship's Heading Sensor - Humphrey, Inc. - Model DG04-0901-1 :

The instantaneous ship's heading is measured by a Humphrey, Inc.
Gyrocompass, Model DG04-0901-1. The gyrocompass is mounted

on a rotatable base so that the Humphrey gyro heading can be ]
adjusted to match the ship's heading.

As in the Humphrey motion sensor, angular displacements are
measured proportionaily to the output of a potentiometer.
The heading output is continuous from 0-360° except for a
1-2° non-shorting gap in the potentiometer. This gap, how-
ever, had no effect on the results as it does not occur at a
heading of interest.

The Scorsby of the gyrocompass is not more than 10°/hour.
(Scorsby is defined as alternate clockwise and counterclockwise

+ 7.5° roll, pitch and yaw movements at 6.0 cycles per minute).

. The drift rate of the gyrocompass was minimized by adjusting
it to the latitude at the Columbia River. The drift was
' observed to be approximately 5°/hour. 1
* The heading sensor utilizes the same 28 VDC power supply as i

the motion sensor. However, because there is no internal
! inverter in the heading sensor, a Humphrey Power Supply-
Inverter, Model No. P306-0201-1 was needed to convert the }

voltage to 115 VAC, 400 Hz, single phase. The heading sensor
is also very compact with an overall height of 8.15" and a
diameter of 3.13". The mounting base is 5" x 5". Total
weight is 3.5 1bs.
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3.0 FIELD OPERATIONS

3.1 DATA COLLECTION PERIODS

Vessel motion measurements at the Columbia River entrance were

» carried out during three periods, from May through June of
1978, from t'nvember 1978 through March 1979, and from October
1979 through April 1980. The initial field period, which
incorporated seven bar crossings, was intended to pick up the

[ last potentially rough weather of the spring season while pro-

viding a shakedown period for the instrument package.

Field operations were discontinued during the calm summer months
Phase I

and were resumed at the onset of the winter season.

winter data collection began in November 1978 and lasted
approximately five months. During this period twenty-two

crossings were accomplished before discontinuation in March

» 1979. Thus altogether twenty-nine transits were conducted

during the Phase I study.

Field operations for the Phase II winter data collection began
in mid-October 1979 and were completed in early-April, 1980.

During this period a total of twenty-four bar crossings was

el 0 T
-

carried out as a continuation of the twenty-nine done in Phase

I. As in the Phase I study, operations were timed to coincide
) with the¢ season believed to be the most critical from the stand-~

point of vessel motions and channel requirements. With the

onset of the calmer summer season field data collection oper-

ations were concluded.

3.2 MOBILIZATION

Mobilization for each of the two field periods consisted of
» three major tasks: establishing contacts and arranging for a

passage witn ship owners, installing the two Mini Ranger shore

stations at the river mouth, and establishing a field office Z

from which to conduct operations.

18



Prior to commencement of field operations in May 1978 arrange-
ments were made with Chevron Shipping Company and Weyerhauser
Company to instrument their vessels transiting the Columbia
River mouth. These vessels were selected not only because
they were representative of the deeper draft ships utilizing
the entrance channel, but also because they permitted embarka-
tion and disembarkation at convenient West Coast ports. The
cooperation and assistance of the ship owners and operators

in facilitating shipboard operations were also a major con-

sideration.

During the Phase I winter period of field measurements, passage
was obtained on vessels belonging to Matson Navigation Company
and a consortium of Japanese lines in addition to Chevron.
Weyerhauser vessels were unavailable at this time. The Phase II

winter period was conducted initially with passage available
on all four groups of ships mentioned above and eventually

an addition of one more shipping line, Act Marit:me, which
operates auto carriers between the West Coast of North America
and Japan. After a two-month period, however, Chevron sh.gs
became unavailable to the project due to a labor disvute and

the operation was forced to concentrate on the rema:n.ng ..nes.

Prior to the beginring of shipboard measurements 1n each ot

the field periods, two Mini Ranger transponders were .nstalled
at the river mouth to provide references for the positicning
system. The shore stations were mounted on the Cape Disartcint-
ment watch tower (46° 16' 33.33" N, 124° 3' 3.76"™ W) and o>5n a
U.S. Coast Guard direction finder calibrat:on pole near tne
Hammond Mooring Basin (46° 12' 24.54" N, 123° 57' 16.28" W)
(Reference Fig. 1l). These stations were selectred tc give both
an unobstructed view of the channel. a requirement of the micrc-
wave positioning system, and the optimum "angle of cut” between
stations to maximize positional accuracy. The resulting
accuracy as dictated by the range accuracy of the Mini Ranger

system and the geometry of the shore station - entrance

184
4

channel confiquration was estimated to be approximatel, + 35
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in the vicinity of buoy No. 2 and + 65 ft in the vicinity of
buoy No. 12.

The position of each shore station in terms of the state plane
coordinate system was established by the U.S. Army Engineer
District, Portland, at the outset of the project to provide a
known reference for all shipboard position data. For the Cape
Disappointment station the coordinates are 971,053' N and
1,102,208' E, and for the Hammond station they are 944,817' N
and 1,125,518' E. The distance between the two stations was
computed and utilized to calibrate the system on site by bring-
ing the receiver~transmitter and console to each station and
reading the distance to the other. This procedure was employed
at the beginning of each field period and periodically through-
out the season to verify cualibration. In all checks ranges

were within the + 10 ft accuracy of the Mini Ranger system.

A field office was established in the San Francisco Bay area
for both phases of the field overations. Thilis area was selected
as a base of operations because vessels from all shipping com-

ranies except the Japanese Si1x lines called there enroute to

>r from the Columbia River. The unpredictable schedule foi-
lowed by the Chevron, Matson and Act Maritime ships depart:ing
~he San Francisco Bay made this area particular.y su.table

for a field office.
3.3 SHIPBOARD OPERATING PROCEDURES
Tetra Tech versonnel boarded ships with the SMPS a+* -ne docCx

before the shiy sailed enroute to or from the Jolumbia River.

Personnel and equipment stayed »sn board until the ship docked

at the next por*. Ports of call for the ships i1nvolved [ n
the Phase [ study included San Francisce Bay, Jal.f=rnia;
Portland and Coos Bay, Jregon: Seat+le, Longview, Everet*s ani
P+ . Wel.s, Washington; and Vancouver, Britisn J.zambia. As

riginacly conceived, the personnel with *he SMPS wouid embarc




and disembark at the same time as the Columbia River Bar Pilot.
This idea proved to be impractical, however, due to both the
difficulty in boarding at sea with 400 pounds of equipment,

and the time required to ready the SMPS.

Transit times from the ports of departure to the mouth of the
Columbia River varied, with approximately eight hours required
from Portland, sixteen hours from Vancouver, British Columbia
and forty hours from San Francisco. This time was used for
filling out data sheets and setting up the SMPS. Data sheets
from Voyage No. 9 are presented in Appendix C to show what
information was recorded. For each voyage the ship CG had to
be calculated from the current lcading conditions which were

made available to us by the ship's officers.

Shipboard operating procedures for Phase 11 were consistent
with Phase I procedures. The inclusion cf Act Maritime vessels
in Phase II introduced only one addicional port of call, Long
Beach, California. Transit time £rom Long Beach to the mouth
of the Columbia River was approximately 60 hours. Also,
several additional data items were recorded for each bar cross-
1ing. The additional data .ncluded the observed gitch and roll
veriod of the ship while transiting the entrance chanrel,
Observed currents at buoys No. 2 and Nc. 12, and a record of

~he pilot's commands and the event responsible for the command.

The SMPS was set up 1n the wheelhouse 3f the sni1gc it .east

[ o h
2130% 10urs grinr to reaching the mouth -7 -he r:iver. Whenever
posslble the SMPS was located on the navigat:.ornal char+t tabis

a3s this area usually provided the best working ar=a. Al. 2

r,

la 4]

“ne instrumentation was secured <o the work.na surface to xeeygp

it i place whei. the shilp witched and roiled.

Srec:a. Care was *axken - loocate rfne mot ) on o senscr oand ocsitlon
ind sUstem recelver-fransmitter a3 near ‘ne shL s Ctenter (e
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The receiver-transmitter had to be mounted outside the wheelhouse
so there would be no obstructions between the shore reference
stations and the receiver-transmitter, and secondly, mounted

on the center line if possible sc the most representative track
of the ship could be obtained. Because the receiver~transmitter
was mounted above the wheelhouse on the compass bridge deck

a 100 ft interconnecting cable was needed. The cable had to

be passed through one of the doors or portholes, if possible on
‘ the leeward side of the ship. The exact location of the

receiver-transmitter was also measured and recorded.

Once the system was set up a preliminary check was made to
verify that all of the instrumentation was in working order.
’ Preparations for the actual bar crossing began 1 to 2 hours

! in advance of picking up the pilot. By this time the draft

of the ship was recorded and regarded as that for the bar cross-
ing. The SMPS was powered up and the time of day clock set
’ in accordance with the ship's chronometer to local time and
the pre-run equipment test performed. Items checked in both
the pre-run and post-run equipment check are shown on pages
5-7 of Voyage No. 9 data sheets as shown in Appendix C. The

’ pre-run check 1involved cleaning the tape heads, observing that

the motion sensor accurately measured a known angle (-45°, 0°,
+ 45°) for both pitch and roll and responded to accelerations,

setting the ship heading sensor to match the ship's heading,

’ and exercising the circuitry of the positioning system console.
fter performing the above operations, data were recorded for
a period of approximately 1 minute to check the tape recorder.
Results of the motion sensnr and tape recorder tests were
’ printed on the Hewlett Packard strip printer and included in
the data sheets.

Pre-run weather obser-rations were made upon arrival at the )
' ollot station. These observations included a general descrip-
~i1on »f the weather, air temperature, visibility, wind speed

and directi1on, and sea and swell heights, periods, and




directions. Because observations were made from the bridge

wing of the ship, it was difficult to estimate small seas.
For this reason the pilot was often consulted, not only for
sea conditions but also visibility.

The actual data recording began in the vicinity of buoy No. 2
inbound or buoy No. 1l outbound. Just prior to commencing,

the ship heading sensor was again set to match the corrected

ship's gyro. Once the actual recording began, cne person would

monitor the equipment while the other recorded the pilot's
commands and comments. At periodic intervals the ship's speed
and RPM (or propeller pitch in the case of variable pitch
propellers) were recorded. Also, simultaneous readings of the
ship heading sensor and the ship's gyro were recorded to check

the deviation of the heading sensor.

The person with the pilot recorded his comments concerning the
currents, sea state, other vessel traffic and anything else
that may have affected his course of action. An attempt was
also made to record the commands to the Quartermaster or the
Officer on watch concerning course and speed. During the
initial period of the field operations (May-June 1978) the
pilot's comments were written on paper, but this proved to be
too time consuming and a dictaphone was utilized throughout
subsequent periods of the field operation. The pilots were

very cooperative in explaining their actions and perceptions.

Data recording was stopped around buoy No. 11 when inbound and
buoy No. 2 when outbound. As soon as recording stopped a

final deviation check was made on the heading sensor. The
pilot was then asked to rate the voyage as "easy", "moderate",
or "difficult". These ratings were based primarily on the
wave conditions, but other factors were necessarily considered
as well: ship draft, ship response, visibility, other traffic,
tidal and other currents, stage of the tide. 1In addition, the
pilot was asked to sketch his intended course as shown on page

2 of the data sheets in Appendix C.

23
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At this time a post-run weather observation and equipment

check was performed. These are the same as the pre-run
observation and check discussed earlier. In addition a data
editing program was run to verify that the data was recorded
with no gaps. Finally, when available, a copy of the ship's
echo sounder record and course and rudder angle record for

the time corresponding to the bar crossing was obtained.

It should be noted that during the initial period of field
operations (May-June 1978} a flux-gate compass was used for
the ship heading sensor. Because of the influence of the
ship's steel superstructure, it was necessary to mount the
sensor aloft on an aluminum pole to minimize the ship's mag-
netic influence. Even with this arrangement the deviation
rate was found to be variable and unpredictable, causing the
ship heading data from the first phase of field operations

to be unusable. The problem was solved by replacing the flux-
gate compass with a gyrocompass for subsequent operations.

The gyrocompass proved to work very well.

With the data acquisition completed the SMPS was removed from
the wheelhouse and made ready for disembarkation at the next

port.
3.4 FIELD OFFICE OPERATIONS

The field office was used as a base for scheduling voyages,
transferring data, and instrumentation maintenance and cali-
bration. Upon return to the field office the data was trans-
ferred from magnetic tape to flexible disk. The disks, along
with other pertinent data, were then mailed to the home office

for data reduction and analysis.

Periodic instrivment calibration checks were performed at the
field office in addition to any necessary maintenance such as
repairing cables or wiring. The calibration checks were per-

formed approximately once a month. The motion sensor was
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checked by placing it on a near level surface and rotating it
360° in 90° increments. At each of the four positions the

pitch and roll readings were recorded. The readings from posi-

tions 1 and 3 and 2 and 4 were then averaged to see if they
fell within the accuracy of the instrument. Also, the pitch
and roll measurements at alternate positions were compared to

see if the angles measured were the same.

The gyrocompass was checked for accuracy and drift. The com-
pass was rotated through 360° at 45° increments and the cor-
responding readings compared for accuracy. Drift rate was
checked by setting the gyro to a known heading and running it
for approximately 45 minutes. At the end of 45 minutes the
heading was recorded and the drift rate computed from the

change in heading.

The entire system was then checked by simulating & voyage.
Data were recorded for approximately one-half hour ard then

edited for any data gaps.

-
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4.0 BASIC DATA

4.1 VOYAGE DESCRIPTIONS

There were altogether 53 measurements conducted, 29 for Phase
I and 24 for Phase II, and a total of 18 ships involved in the
field study spanning the pericd from May 1978 to April 1980.
The basic data for these voyages and the environmental condi-
tions at each transit are summarized in Tables la and 1lb.
Table la covers the voyages for Phase I and Table 1b for
Phase II. These tables are intended to briefly describe only
the background information of each transit; other details can
be found from other tables by cross referencing the voyage

- -ae

numbers.

4.2 VESSEL CHARACTERISTICS

The current thinking on the vessel size appropriate for the
Columbia River entrance channel design is 600 ft length, 85

ft beam, and 34 ft draft with a deadweight tonnage of 30 to

35 thousand tons*, although larger vessels up to 43 ft draft
have been utilizing the entrance with the aid of tides and
river stages. Consequently, a draft of 34 ft has been regarded

as a norm in the vessel selection for the present study.

A summary of the vessels utilized to conduct the motion study
is presented in Table 2. The vessels fall into four main cate-
gories: o0il carriers, container carriers, bulk carriers, and
auto carriers. In a general sense, these ships were selected
as representative of the deeper draft vessels which frequent
the entrance channel. The choice of specific ships, however,
depended upon the willingness of the owners to participate in
the study and the availability of the ships for berthing.

There were altogether 18 ships selected in the present measure-
ment program. A total of 17 transits was made on six oil

* Information from U.S. Army Engineer District, Portland, 1977.
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4 TABLE la
(PHASE 1I) [
. S T
VESSEL WRATRER VISIBILITY o sza | sweLL ! :
{vorace _ TRANSIT oo e PERTOD| TIDAL | PTLOT'S RATING
No. ! oare NAME IPE DIRECTION _(KIS) M4 . i OF TRANSIT
r——— M "
L | $/20/78 | CHEVEON LOUISIANA |OIL CARISR IN  3ROKEN CLOUDS 10 W 15-20| W, 2-6 FT | W 66 s | Fo00 . sy
H I $/29/78 | CHEVRON ARIZONA | OTL CARPIER ™ |PAIR W/ n ~ 10-15| W, 2-3 70, W 6 s | s EASY
: SCATTERED ! !
i i CLOUDS ' | ! '
3 | 6/05/178 | HOEGH MALLARD BULK CAIRIER ¥ |FAIR W/RAZE 6-8 ™ s | surcer cxorl bl 4 s-10 | suacx EASY
s | 6/07/78 | HOECE MALLARD BULK CAKRIER| OOT  |FAIR W/HIGH 4% ¥ $-8 | SLIGHT CHOP|  wsW -3 8-10| £33 EASY
cLouDs : i
s ] 6/21/78 | CHEVRON OREGON OIL CARFTER 1IN |OVERCAST W/ 3~ W s | SLIGET cnor‘ 8-10 8 | FLOOD : EASY
i SHOWERS i | ! '
6 | 6/23/78 | HOEGE MARLIN SULK CAPRIER IN  |BROKEN HIGH 48 e s | cany i 4t 8 | sLacx | EASY
{ : CLOUDS : : '
7 6/24/78 | HOEGR ARLIN SULK CARRIER| OUT |FAIR W/ S A 5-8 1 SLICHT CEOP! N 24 6-8 . SLACK EAST
h ! ; N | SCATTERED ! ! . !
; ! | ! 'CLOUDS :
3 [11/01/78 | CHEVRON GASHINGTON | OIL CABRIER | [N FAIR 4/SLICHT | 4L | s €5 | caLy oW 10 10-12 ' EBB ' MODERATE
. & | ; | jHaze : ; i | : :
! 9 |11/04/78 | CHEVRON -ASHINGTON | OIL CARRIZR | OUT  FAIR Poow b ow 15 (W, 2= FT ' AW 10-12 10 SLACK | EASY
i i ' ‘ | . t
10 111/09/78 | CHEVRUN ASHINGTON | OIL CARRIER | [N !PAIR W/ oo D w 15 Lw, T W 6 8 , FLoOD | EASY
. ) i | Iscarreren I ! ! i i I
N ! jowos | ! | L
- 11 [11/10/78| CHEVRON UASHINGTON| OIL CABRIER | oUT | FAIR i [ NE 10-15! VE, 12 FT \W 5 | oms EASY N
12 111/28/78] ALASKA ARU { conzAnwm | IN | OVERCAST W/ s-10 | ssE 5-8 , SLICHT CHOPt  WSW 5 8 | &8 ! TASY
: ! !cuuu | SHOWERS i ! : . ; !
X ‘ . : :
13 }12/03/78| CHEVRON COLORADO | OIL CARRIER IN | OVERCAST ! R 10-18{ SE, 3 FT . 4 (SLICHT) * | B8 EASY
14 !12/04/78| CHEVRON COLORADO [on. CARRIER OUT | SCATTERED LoW) moo W 25-30) W, 4= FT W 8-10 8-10, SLACK, MODERATE :
. ) | CLOUDS i ! ! ! i
: ‘ . s : ; }
15 '12/15/78| WILLYER 3moww oL cansren| N | wSTLY crear | wo 4 10—154 4, 2 FT | u 15-20 8§ ' BB DIFFICILY :
: . i W/ SCATTERTC | : : i !
! ! : | SQUALLS | ! ’ : . . 1
16 |{12/17/781 HILLYER SROWS | OIL cauxuf OUT | OVERCAST I/ | UL EXCEPT| SSE 10-12| SSE, 2-3 ! 4 12-18 &8 | SLACK® DIFFICULT .
. : ; ! SCATTERED & IN ; i ' ‘ :
‘ ! : | SOUALLS | SQUALLS ! i :
i ' N M
17 112/29= . ALASEA NARU | CONTALNER J IN | OVERCAST 5 w o se 20 | strcar cuori . (SLIGHTY + | FLO0D ZAsY ‘
30/78 foamzr : “ , ! : .
N 1 1 N .
18 1/16/79| SAUNA LEI | CONTAINER | IN | OVERCAST oL wsw S ° SLIGHT CHOPI W\ a6 [} F.1 T TaSY
- : loapmrem | ; | : | :
! ‘ : ' i i : ‘ ‘
19 ' 1/19/79) MAUNA LEL | CONTAINER |  OUT  OVERCAST W/ | 2 . ESE 5-8 | SLIGHT CHOP! ¥ 15-18 10-11 . EBB MODERATE
‘ | cARRIER 1 | JRIZZLE i ! ' !
0 1/21/79) HIKANA ARU | CONTAINER IN | OVERCAST W/ | 36 | W« | sizcar cmort  usw 10012 10%11 | sLacx MODERATE
‘ ! i canetER | " DRIZZLE ' : : ‘
21 ' L/26/79] COLDEN ARBOM | CONTAIMER |,  IN [ OVERCAST W/ | VARIABLE[  ENE s sLicr moel N 1R row  wobmmm
| CARRIER [ ' SNOW SHOWERS ,  SUT >e | ‘
| 2 1/28/791 ALASKA MARU ' CONTAINER | IN U FAIR ! o R “E 3 ! SLIGHT CHOP! AW 10-12 0 38 ASY
B N i CARRIER ; ! b i ‘ :
23 2/07/791 LION'S GATE CONTAINER . IN ! OVERCAST W/ 5-7 g 52101 SLIGRT cHOPI ki 10 10 SLACK MODERATE
IRIDGE | CABRIER | | suowens i : : '
N i
% 11/79) 3EISHU ARU | covtanamn ‘ IN | MODERATE 70G | we ! H 10 | SLIGHT cHoPt  ssw 5 3 stack EASY
; | | cammrer 4 AT , i ! ‘ i
1S 2/22/79! COLDEN ARROW | CONTAINER | IN . 3ROKEN CLOUDS | wo e 8-10| ESE, 1-2 FT}  ssw ST SLACK ZAsY
' | CARRIER | 9/ SCATTERED | |
| SHOWERS : :
6 2/17/79 1 ALASKA MARU commm | I PARTLY CLOUDT!  wL |  usw  5-8 | siicar cwoel ¥ 68 3 fLo0D zasy
. i | CARMIER | | i i : " s L0
i i v ' '
7 }/u/ml 3EISHU MARU | CONTAINER IN | ovERCAST W/ ! 3 : H 5 , SLIGHT CHOP! q =8 10 FLOOD TasY
| CARRIER | | LICHT RALY | . !
8 3/22/791 CHEVRON WASHINGTON) OTL CARRIER | N rAIR . L " S L et 5 0 FLOOD TASY
19 3/23/79) THEVRON WASHINGTONI OTL CARRIER|  OUT ' DENSE °ATCHY ' 200 YDs.. cALt i cawd 4 -6 1L SUACK ZASY
: : ! FOC
) ; | e . "
° ~HE LIGNTSNIP CILUMBIA “AS REMOVED FOM SERVICE IN NOVEMBER 1979 AND REPLACED BY A NAVIGATIORAL LIGHTBUOY
» © ACCUATE JSSERVATION PRECLUDED 8Y DARKINESS
EXPLANATORY NOTES TOR ENVIAONMENTAL CONDITION SUMMARY TABLE
N EXPLAMATION TIDAL TROM NOAA TIDAL CURRENT PREDICTIONS FOR 14 MILE SSE
e Y SESTRVATION CURRENT  OF CAPE DISAPPOINTMENT LISHTMOUSE 'IN THE VICINITY
5 3P BUOY NO. 1J). IF THER ENTINE CATA ACQUISITION
VISIBILITY  BY IBSERVATION AND CONSULTATION #ITN 2TLCT PERIOD FOR A PARTICULAR TRANSIT -CCURRED WITRIN ONE
“1¥D BY OBSERVATION HOUR OF PREDICTED SLACK WATEIR, THE TICAL CURRENT IS
SENGTED AS "SLACK™. IF ANY PONTION OF THE DATA
seA 3Y JRSZRVATION AND CONBULTATION WITH PILOT. KEXGNT ACQUISITION PERICD WAS “ORE THAN NE HOUR AWAY FROM
I3 SIVEN ONLY WNEN [T APPEARED 7O EXCEED 1 roOT. THE PREDICTED SLACX WATER, "ME TIDAL CURRENT APPEARS
[} SEIA KEIGHTS LISS THAN 1 FOOT ARE DEWOTED A$ “SLIGHT AS *PLOOD™ OR "EBB" AS APPROPRIATE.
o 3Y OBSERVATION AND CONSULTATION WITHM PILOT. IT PILCT'S  ASKED CF THE PIZOT UPON COMPLETICN OF MR TRANSIT.
SHOULD BE NOTED <NAT SWELL HEIGHTS LESS THAN 10 RATING WAVE CONDITIONS WERE TME PRIMARY OETERMINANT, BUT
FEXT ARZ OIFPICULT TO ESTIMATE ACCURATELY FAOM :r OTHER FACTORS WERE NECESSARILY CONSIDENED A$ WELL:
SNIPROASD. TRANSIT  SHIP DRAFT, SHIP RESPCNSE. -ISIDILITY, STHER TRAFTIC,

TIDAL AND JTHER CURRENTS, STAGE Of TME TIOfL.

CONDITION PRODUCING AN “TASY® TRANSIT IN FAIR
WEATHER WITH NO OPPOSING TRAFTIC JOULD RESULT IN A

SMODERATE® ZROSSING IT POCR “ISIBILITY AND CPPOSING
TRAFFIC WERZ SNCOUNTERED.
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TABLE lb

SUMMARY OF VOYAGE DESCRIPTIONS
(PHASE II)

! CONDITIONS IN VICINITY OF LISHTSHIR ®
- Wi 5 SWELL
VESSEL ¢ WEATHER ‘IISI:‘iZ’.IfY WIND SEA L.
VOYAGE ; TRANSIT ~ IPEES FERIOD TIDAL  PTLOT'S RATING
N NO. OATE NAME TYPE JJXRECTIOHL DIRECTICN {KTS) DIRECTION HT!FT) SEC) CURRENT 2F TRANSIT
- 3¢ 10.16/79/CHEVRON ARIZONA | OIL CARRIER N OVERCAST oL B 10-15 1-2 FT ™ 5 3 FLOOD EASY
. 31 10/17/79 CHEVRON ARIZONA  |OIL CARRIER ouT HIGH tL NW 5-8  SLIGHT CHOP W 3-19 8 £8B EASY
f 1 OVERCAST
32 '10,20/79 [ALASKA MARU CONTAINER i IN | CLEAR L . s 5 SLIGHT CHOP w 5-8 e FLOOD EASY L H
3 ' CARRIER ; i ,
\ | | | X
33 11,14/79 (HORGH MUSKETEER  |BULK CARRIER | ™  CLEAR oL £ 15 1-2 T W 2-4 B FLOOD EASY
. | ,
34 11,1779 HOEGH MUSKETEER  'BULK CARRIER ; ouT OVERCAST | “L w 10-12 1=2 FT w 5 3 FLOOD EASY i
! W/ RAIN
35 11-21/79 MAUNA LEI CONTAINER . our CLEAR UL ENE 10-15  1-2 ¥T W 5-8  8-10  EBB EASY H
CARRIER
36 11/26/79'GOLDEN ARROW CONTAINER ; IN CLEAR sL ENE $=8  SLIGHT CHOP W 3-6 3 EBB EASY
CARRIER
37 11/28/79 HOEGH MASCOT BULK CARRIER &) BROKEN tL ESE 30-35 4 FT W §-3 10 EBB EASY
18 12/03/79 HOEGH MASCOT BULK ouT HEAVY OVER- 1/2 to 3/&i s 40+ S, »-10 FT SLIGHT EBB MODERATE
. CARRIER ' CAST W/ OBSCURED BY SEAS
§ , RAIN
| :
» 39 -12/16/79 |CHEVRON WASHINGTONIOIL CARRIER ] " urcH vL € 15 2-3 77 W 4-6 8 FLOOD EASY
! | | OVERCAST
] 40 12/18/79 'CHEVRON WASHINGTON (OIL CARRIER our HEAVY OVER- - 5 SSE 12 4 FT sw § 3 FLOCD EASY
3 CAST W/
LIGHT RAIN
] 41 1/20/80 HIKAWA MARC CONTAINER ™ CLEAR vL £ 5 SLIGHT CHOP'  SSW 3-5  8-10  FLOOD EASY
CARRIER
42 1/24/80 GOLDEN ARROW CONTAINER & OVERCAST w/° 7 E 5 .SLIGHT CHOP W 5-8 13 EBB TASY
4 CARRIER LIGHT MIST }
¥ ] 43 2/04/80 WORLD WING |AUTO CARRIER N CLEAR W/ | UL E 8-10 -SLIGHT CHOP" W 5-8 10 | FLOOD EASY
' 3 ' SOME
: ! OVERCAST | . : ! '
44 2,06/80 |WORLD WING [auTo camrier | our OVERCAST 3-5 WSW 25-30¢ 6~7 7T i W 19-15 3 FLOOD MODERATE
: 45 . 2/10/B0 (HOEGH MUSKETEER BULK CARRIER N SCATTERED GL E 15-20  2-3 #7 i W 4-5 10 FLOOD TASY
OVERCAST !
46 2/14/80 {HOEGH MUSKETEER i SLK CARRIER our SLIGHT uL E 10-15 24 F7 sw 4-5  8-id EBB EASY
JVERCAST
47 3/04/B0 MAUNA LEI CONTAINER ™ OVERCAST vL H 5-10  i-2 FT WNW 6-3  3-l10 =8B EASY
] CARRIER
2 .
i 18 3/10/80 LION'S SATE BRIDGE (CONTAINER N LIGHT rL W 3 SLICHT CHCP! W -4 8-3 EBB EASY
; CARRIER . RAIN '
i .
! 49 3-18/80 'HOEGH MERCHANT BULK TARRIER IN OVERCAST 15-20 E 5-10 2«3 TT w 4-6 i3 F£LOOD EASY
i
’ 50 3/22/80 HOEGH MERCHANT BULK CARRIER auT LOW OVERCAST 1-5 SW 10-15 12 FT WNW 3-i0 12-13 FLOOD MODERATE
5 W LIGHT RAIN:
3 51 3/26.90 GOLDEN ARROW CONTAINER N OVERCAST 20 iy 15-20  2-4 FT WNW 5-8 4-8 EBB EASY
| CARRIER ! '
K 1 52 4,01/90 ALASKA MARU CONTAINER IN CLEAR uL £ 5-7 -2 F7 WNW 810 id EBB MCDERATE
CARRIER
S3 . 4/03,B0 |HOEGH MALLARD BULK CARRIER v ! overcasT -5 E 5-10  SLIGHT CHOP' W -4 9-10 FLOCD SASY
Bhiha il —

: TME LIGNTSRIP COLUMBIA WAS RENOVED PROM SERVICE IN
NOVEMBER 1979 AND REPLACED BY A WAVIGATIOWAL LIGHNT®OOY

REFER TO TABLE la FOR EXPLANATORY NOTES FOR ZHVIROWNEMTAL PONODITION SUMMARY TABLE
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carriers operated by Chevron Shipping Company. Of these six
ships, five belonging to the Chevron Gas Turbine class have
identical lines with a deadweight capacity of 35,000 tons.

The gas turbine tankers are characterized by fairly broad lines
typical of a modern 0il carrier. with all living quarters and
the bridge in a single superstructure aft. Propulsion is
turbo-electric with a single variable-pitch propeller. During
their several years of operation, they have de&eloped a reputa-

tion as being difficult to steer.

The remaining Chevron ship, the #<{llyer Brown, is basically

a T-2 class tanker. As such, it is considerably smaller
(17,000 DWT) than the Gas Turbine class with somewhat finer
lines. The Brown is powered by a conventional steam plant
with the wheelhouse located forward. All six Chevron tankers
travel primarily between Alaska, Hawaii, and ports on the U.S.
West Coast.

Seventeen of the 21 transits aboard container vessels were
conducted on ships belonging to a Japanese consortium. The
consortium carries containerized cargo between Japan and the
West Coast ports of Seattle, Vancouver, B.C., and Portland.
Although each of the five Japanese vessels is unique, they all
possess relatively fine lines, a sea speed in excess of 20
knots, and excellent sea-keeping characteristics. All five
ships contain a single superstructure aft and utilize diesel
propulsion.

The only American container vessel monitored in . .¢ course of
the study, Matson Navigation Company's Mauna Lei, represents

an older, slower category of ships. The hull is a modified

C-4 transport with steam propulsion. In addition to containers,
the Mauna Lei carries automobiles and molasses between Wast

Coast ports and Hawaii.
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Thirteen transits were conducted on modern 35,000 DWT bulk

carriers of the Héegh "M" class. Under longterm charter to
the Weyerhaeuser Company, the Norwegian-owned Hoegh ships
transport forest products (including plywood, lumber and pulp)
from West Coast ports to Europe. In addition, they carry
containers, often as deck cargo. The Hoegh ships, utilizing
diesel propulsion, possess relatively fine lines but large
freeboard with a single superstructure aft. Particularly when
carrying a deck cargo of containers, they are noted for roll-
ing heavily.

One additional type of ship was utilized for the Phase II oper-
ations of the study. This was the World Wing, an automobile
carrier, owned by Act Maritime of Japan and operating on an
unscheduled basis between Japan and several North American

West Coast ports. With a large amount of sail area and rela-
tively shallow draft, the World Wing is noted for heavy

rolling and difficult steerage in cross winds.

Whereas the general information on all the 18 ships has been
given in Table 2, their transit and loading conditions on each
voyage are summarized in Tables 3-a and 3-b. The actual draft,
displacement and the location of the snip CG at each transit

are also included in this table. For some transits the cor-
responding stability criterion, GMT (transverse metacentric
height) and GMR (longitudinal metacentric height), were computed
with available information provided by the ship's engineering

officers and are summarized in Appendix D.




TABLE 3a
1 PRINCIPAL DIMENSIONS LOADING CONDITIONS
H
VESSEL | VRSSEL DESTGN DRAFT ] OISPLACEMENT | i
VOYAGE TRANSIT . SPEED LOA LBP BREADTH DRAFT OWT FWD  AFT MEAN | nn we | Vee
NO. DATE NAME IVPE DIRECTION | (KTS.) | (FPT) (FT)___(FT} (FT) (LT} (FT) _(FT) __(FT) (FT) , (FT
j 1 5/20/78 | CHEVRON LOUISIANA | OIL CARRIER IN | 9-11 | 651.3 625.0 96.C 34.0 35,000 |32.5 33.5 33.0 43,322, 322.9} 25.4
. 2 5/29/78 | CHEVRON ARIZONA OIL CARRIER ™ 11-14 | 651.3 625.0 96.0 34.0 35,000 |33.4 33.9 31.7 44,100 319.6  29.4
3 6/05/78 | HOEGH MALLARD BULK CARRIER| IN 12-14 | 657.8 623.4 10l.1 33.0 36,000 |21.4 27.6 24.5 35,544 | 311.8, 27.5
. | { i
4 6/07/78 | HOEGH MALLARD BULK CARRIER|  OUT 14 657.8 623.4 101.1 33.0 36,000 ;23.2 27.8 25.5 boanon 1 319.3 . 27.9
1
H 6/21/78 | CHEVRON OREGON OIL CARRIER ™ 12-14 | 651.3 625.0 96.0 14.0 35,000 (34.5 35.5 35.0] 46,120 | 319.5 27.3
6 6/23/78 | HOEGH MARLIN BULK CARRIER| IN ~l14 | 657.8 623.4 10l1.1 33.0 36,000 [26.3 28.8 27.6 % 40,394 l 325.2 i 28.7
. + '
7 6/24/78 | HOEGH MARLIN BULK CARRIER|  OUT ~14 657.8 623.4 10l.1 33.0 36,000 |27.8 28.3 28.0 41,128 329.1 10.6
8 11/01/78 | CHEVRON WASHINGTON | OIL CARRIER N 9-13 | 651.3 625.0 96.0 34.0 235,000 |32.8 34.2 33.5 43,840 ( 318.8 1 29.2
9 11/04/78 | CHEVRON WASHINGTON | OIL CARRIER our 12-15 | 651.3 625.0 96.0 34.0 135,000 [27.0 30.0 28.5 36,385 ‘ 318.9 1 22.6
10 11/09/78 | CHEVRON WASHINGTON | OIL CARRIER IN 12-14 | 651.3 §25.0 96.0 34.0 35,000 |33.2 34.7 33.9 44,519 | 318.4 | 29.2
11 11/10/78 | CHEVRON WASHINGTON | OIL CARRIER ouT 14-16 | 851.3 625.0 96.0 34.0 135,000 | 22.5 24.5 23.5 29,256 | 325.5 ! 23.4
12 11/28/78 | ALASKA MARU CONTAINER N 10-19 | 6385.7 639.8 98.4 34.4 23,000 {26.5 30.3 28.7 28,288 | 302.4 ; 15.5
CARRIER . | '
13 12/03/78 | CHEVRON COLORADO OIL CARRIER N 12-14 | 651.3 625.0 96.0 34.0 135,000 |33.4 34.1 33.8 | 44,240 I 319.3 9.1
14 12/04/78 | CHEVRON COLORADO OIL CARRIER our 10-13 i 651.3 625.0 96.0 34.0 35,000 |24.3 19.3 21.8 26,733 {3177 23.2
| |
15 12/15/78 | HILLYER BROWN OIL CARRIER N 8 ; 523.5 503.0 68.0 32.1 18,000 |24.4 29.3 26.8 19,205 | 248.7 | 20.9
. 16 12/17/78 | HILLYER BROWN OIL CARRIER our | 6 | 3523.5 S03.0 68.0 32.1 18,000 |25.1 28.2 26.6 19.028 | 252.9 ; 22.2
: ! | 25294
17 12/29- ALASKA MARU CONTAINER IN 17 685.7 639.8 98.4 34.4 23,000 28.3 29.1 28.8 27,778 | 307.5 - 35.9
30/78 CARRIER ! | :
! ;
18 1/16/79 | MAUNA LEI CONTAINER IN 13 630.3 606.0 71.5 32.9 18,000 [21.8 30.0 25.9 22,296 | 209.3 1 23.2
CARRIER I i ! E
19 1/19/79 | MAUNA LEI CONTAINER orr | 8 i 630.3 606.0 71.5 32.9 18,000 |22.8 31.5 27.2 23,670 ] 295.4 ; 24.1
CARRIER I i : P
| i
20 1/21/79 | HIKAWA MARU CONTAINER N 14 | 700.3 656.0 101.7 34.4 23,000 |26.8 30.9 28.3 | 28,926 | 308.8 | 37.6
i I
CARRIER ! !
. 22 1/24/79 | GOLDEN ARROW CONTAINER IN L7 616.8 S74.1 82.7 35.2 19,000 [25.7 33.7 29.7 22,483 | 268.8 | 29.0
CARRIER ! . |
: |
22 1/28/79 | ALASKA MARU CONTAINER IN 17 685.7 639.8 98.4 34.4 23,000 {28.5 30.6 29.6 | 29,176 ' 302.3 | 34.6
CARRIER i ! J
23 ;2/07/79 | LION'S GATE CONTAIMEDR ™ 116-21 | 718.5 69.3 102.4 36.8 27,000 132.6 32.6 32.6 |  35.100 1 320.0 ' 37.6
BRIDGE CARRIER ! ‘ i '
! )
24 2/11/79 | BEISHU MARU CONTAINER ™ 16 | 697.2 €56.2 98.4  34.5 24,000 ;28.1 30.5 29.3 29,544 1 318.3  31.4
CARRIER ! | i |
. - 25 2/22/79 | GOLDEN ARROW CONTAINER ¥ ™ 17 " 516.8 $74.1 82.7 35.2 19,000 izs.s 34.6 31.6 E 24,722 1 266.6 31.0
[ CARRIER ‘ : { ;
I "
t 26 2/27/79 | ALASKA MARU CONTAINER i N 16 | 685.7 639.8 98.4 34.4 23,000 {J0.0 30.9 30.4 @ 30,280  306.0 35.3
! CARRIER “ \ i !
i 27 3/14/79 | BEISHU MARU CONTAINER N 15 697.0 €56.2 98.4  34.5 24,000 127.7 32.4 30.1 | 30,714 316.7  34.5
. | CARRIER ! “ " |
1 i '
. 28 3/22/79 | CHEVRON WASHINGTON | OIL CARRIER N 13 ¢ 651.3 625.0 96.0 34.0 35,000 [26.3 28.0 27.2 | 34,430 1320.9 | 23.4
i |
: 29 3/23/79 | CHEVRON wnsuxmmul OIL CARRIER our 7-14 | 851.3 625.0 96.0 34.0 35,000 |23.3 26.9 25.1 | 31,520 ' 320.0 : 23.9
§ i




3
; SUMMARY OF VESSEL CONDITION AT TRANSIT
' ! ' PRINCIPAL DIMENSICNS WADING “ONMDITIONS
N |
) SRAFT DISPLACTIENT
| i VESSEL ‘ VESSEL JBSISN
VOYAGE | TRANSIT SPEED 1OA  LBP BREADTH OBAFT OMT  FWD  AFT “MEAN T Lo
3 NO. OATE NAME TYPE DIRECTION) (KTS.) .FT) FT) __FT) [ad] LT FT:  FTI FT 24 £T
: 30 10/16/79 'CHEVRON ARIZONA OIL CARRIER - IN 11-14 651.35 ~dS.. 6. [P 1 e N N I Pe LY R
. 31 10/17/79 CHEVRON ARIZONA  OIL CARRIER ouT 11-14 651.3 525.3 6., 4. EI O I R eo x4
X 32 10/28/79 |ALASKA MARU 'CONTAINER IN 16 685.7 239.9  IB.4 .4 0.2 dle aild o9 o .
S 'CARRIER ' '
]
33 11/14/79 |HGEGH MUSKETEER  |BULK CARRIER , N ~14  657.8 623.4 10l.1 330 36,300 (5.0 493 .75 IR IPT RN )
M 111/17/79 “HOEG-I MUSKETEER {BULK CARRIER ‘ UT " alq 657.8 823.4 101.1 33,0 36,300 T 3l.. 09, +31,.86 de.® u.g
i i
1 35 11/21/79 lmm LEI .CONTAINER | SUT 13 930.3 a0b.v "il3 1P R VR P N P 19¢ & 4 3
! icwuzx !
36 11/26/79 {GOLDEN ARROW |CONTAINER N 17 6le.d $74.1  82.7 5.2 19,300 3. 4. til° 5,70 FAb BT PR :
i |CARRIER
37 11/28/79 InSEGH MASCOT [BULK CARRIER | 1IN ~1a 657.8 523.4 1Gl.1  33.3 36,900 I3 IS.5 i3.° .50 Ba 12k
.. i !
38 12/03/79 [HOEGH MASCOT BULX ARRIER |  OUT ~14 657.8 523.4 131.1  33.) 36,000 25.3 8.2 6.8 13,070 je.T le.3
|
39 12/16/79 |CHEVRON WASHINGTON |OIL CARRIER N 11-14 651.3 $25.0 96.0 4., 35,000 33.4 33.3 33.° 44,100 3207 1902
- . !
i 40 | 12/18/79 |CHEVRON WASHINGTON [OIL CARRIER '  OUT 11-14 651.3 625.0 96.0  )4.0 35,200 1i.5 25.5 3.5 9. 200 NI el
| .
! 31 1 1/20/80 |HIKAWA MARD lcoNTAINER ¢+ 1N 14 700.3 656.0 101.7  34.4 23,300 28.3 30.6 29.% 19,549 3.3 6.s
' |CARRIER ]
. 42 | 1/24/80 |GOLDEN ARROW 'CONTAINER ¢ 1IN 17 6l6.3 S74.1  82.7  35.2 19,000 .29.5 32.1 10.8 23,960 ITT.s s
i i
: ! CARRIER i
43 2/04/80 |WORLD WING 'AUTO CARRIER |  IN 16-21 566.7 557.7 30.6  29.> 23,000 22.5 4.3 23.4 26,305 296.3 .6
44 ' 2/06/80 |WORLD WING {AUTO CARRIER | OUT , 16-21 566.7 557.7 30.6  29.0 23,000 22.3 1.3 2.3 25,686  300.3 31.6
45 | 2/10/80 |WOEGH MUSKETEER  BULK CARRIER ;  IN ~14 657.8 523.4 10l.i  33.0 36,000 27.3 3.5 29.3. 43,885  32T.4 2.
46 ' 2/14/80 |HOEGH MUSKETEER  'BULK CARRIER | OUTr  ~l¢ (657.8 623.4 10l.1  13.0 36,000 28.2 31.1 29.8 44,351 330.3 312
a7 3/04/80 {MAUNA LED i CONTAINER : IN 13 630.3 606.2 1.5 32.9 18,000 25.5 25.5 25.5 22,212 8.7 4.3
: :  CARRIER
; 48 ' 3/10/80 {LION’S GATE BRIDGE 'CONTAINER 1IN 16-21 718.5 669.3 102.4  36.8 27,000 30.4 32.6 11.5 13,637 318.4 173
4 | | 'CARRIER : .
N 3 i
49 | 3/18/80 (HOEGH MERCHANT 'BULK CARRIER | 1IN ~l4 657.8 623.4 101.1  33.0 36,000 .18.5 33.0 30.8' 46,094 . .
50 3/22/80 HOEGR MERCHANT BULK CARRIER our ~14 | 657.8 523.4 101.1  33.0 36,000 30.7 33.7 32.2| 48,260 322,40 27.2
51 3/26/80 (GOLDEN ARROW CONPAINER N 17 [616.8 S74.1 82,7  35.2 19,000 |28.8 32.8 30.8 23,960 = 298.3 1.7
CARRIER | :
52 4/01/80 [ALASKA MARY CONTAINER N l6 {685.7 539.8 98,4  34.4 23,2001 312.7 33.5 32.6' 33,575 35,7 i 72
CARRIER | . |
53 4/03/80 | HOEGH MALLARD 'BULK mmn[ m ! ~14 (657.8 623.4 101.1  33.3 16,0001 35.0 30.5 27.5) 40,26l 1.7 15.8
. - A H S—




5.0 ENVIRONMENT
3.1 ENVIRONMENTAL SETTING
5.1.1 Location

Located on the Pacific Ocean between the states 5f Oregon and
Washington, the mouth of the Columbia River lies %48 nautical
miles north of San Francisco and 145 miles south of the Straits
of Juan de Fuca. The lightship .:7umi’z, previously positioned
5.3 nautical miles seaward of the entrance on “he entrance
range line, was removed from service in November 1979 and was
replaced with a 12 m diameter navigational lightbuoy at the
same position of 46°11.1’ N and 124°11.0' W.

As 1s evident in Figure 1, the entrance is flanked to the
north by Cape Disappointment, a rocky headland rising to a
height of approximately 280 ft, and Peacock Spit, a sand shoal.
To the south, the entrance is bounded by an extensive sand

shoal known as Clatsop Spit.
5.1.2 Meteorological Considerations
Winds

Wind conditions at the mouth of the Columbia River exhibit a
distinct seasonal variation. During the winter months of
September through March, the prevailing winds blow from the
southeast quadrant. The winter period is characterized by
severe storms and associated strong winds from the south and
southwest. Based on a 25-year summary of wind data compiled
at Clatsop County Airport through 1978 (U.S. Department of
Commerce, 1979), the maximum recorded wind speed for such
storms is 55 miles per hour (fastest mile). Storm conditions
may persist for several days and are accompanied by extremely

heavy seas.
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Juring the summer Muntis, *le Lrevial.. ~ 13 L. W ot
west "o Sdgn o wess ans lelerda., ITeMa L S S . IMs Al
freguent and °f 1 l=28s5er lnTens.t . car ¢ D S =
3uring Tne Winter montils.
A wind rose sumMmAr.z.nd Lo S2dls ! Laervavo - a2 FERA
JounTy Alrcort R TR L3 TSt et RRPE I

LS310L .

Jisib:irlity at tne mcutn I tne oL LmMboa mlUel S>3l el
tmpalzrment by fog, 3w Z.i.oads and nedn T Base 1
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reduced tO one-guarter mM.ile OJr lesSS AN AVeTr adc T4 a s
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sented by 7 days during October. Pr.omar:.. Lotre 7o
rain, precipliltatlon in excess oI J. 1. 1ndn ooCurrel o an o
of 198 days per year and was mcst Ireduent iur. T N
storm period.
Figure 6 displays the monthly vercent I:regquency ¢ .3
less than two nautical miles based on ship Obserwa* . s
the coast in the general vicinity o2f the river mcutn As
the case of the Clatsop County Airport data, tne n.ainer .
dence of impaired visibility from late summer *hrouan -°he

winter 1is clearly evident.
5.1.3 Oceanographical Considerations

Tides

The tides at the Columbia River entrance are of the mixed

tvpe

with two highs and two lows of unequal height occurring each
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lunar du The various tidal datums at Astoria, Oregon may

be sumr. .i-ed as follows:

necord High 12.1 feet
Extreme Predicted High* 10.2
Mean Higher High Water (MHHW) 8.30
Mean High Water (MHW) 7.60
Mean Tide Level (MTL) 4.35
Mean Sea Level (MSL) 4.3
National Geodetic

Vertical Datum {NGVD) 3.05
Mean Low Water (MLW) 1.10
Mean Lower Low Water (MLLW) 0.00
Extreme Predicted Low* -2.1
Record Low -2.8

Source: Harris [10].

The extreme predicted range of tides is thus 12.3 ft, the mean
diurnal range (MHHW to MLLW) 8.30 ft, and the mean range (MHW
to MLW) 6.50 ft. The relatively large difference between the
mean diurnal range and mean range indicates a sizable in-
equality in the heights of the two high and two low tides which
occur each lunar day. HHW precedes LLW, causing a particularly
large ebb relative to the other three tides which occur per

day.

Tide heights and times predicted for the river mouth are sub-
ject to considerable variation due to the influence of river

discharge and wind set-up along the coast.
Currents
Currents experienced at the Columbia River Entrance are pro-

duced by three major influences, astronomical tides, river

discharge, and wind-induced coastal currents. The most

* Predicted for the period 1963-1981
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F important of these is the astronomical tide, but tidal cur-

rents may be modified both as to velocity and time of slack
by the other factors.

According to the Tidal Current Tables published by the National

| : Oceanic and Atmospheric Administration, Department of Commerce
| (1978), tidal currents for a location 1.4 nautical miles south i
southeast of Cape Disappointment Light (near Buoy No. 12;

Reference Figure 1) set to the west on the ebb with an average

4 maximum speed of 4.3 knots. The flood sets eastward with a

lesser average maximum speed of 2.6 knots. Due to the rela-

tively large diurnal inequality in tide heights discussed in
the Tides section of this Section 5.1.3, the ebb flow between

HHW and LLW is considerably stronger than the other tidal cur-

rents produced each lunar day. Based on tidal current predic-
| tions for 1978 and 1979, the maximum strength of ebb expected
was 7.1 knots, compared with a maximum flood of 4.6 knots.

River discharge varies seasonally with a peak flow period of
approximately 30 to 60 days typically occurring between May
and July, and a low flood period in the autumn. The maximum
¥ discharge of record exceeded 1,200,000 cubic feet per second
during June 1894, whereas the extreme regulated low-water flow
at the river mouth is estimated to be 80,000 cubic feet per
second (exclusive of tidal exchange)*. During the course of
) the current study, the discharge measured at Vancouver,
Washington ranged between approximately 100,000 and 300,000
cubic feet per second (J.C. Huetter, Acting Chief, Engineer-
ing Division, Portland District, Corps of Engineers, 25 May

) 1979, personal communication).

Considering a transect at the river entrance running approxi- :
mately north-south between the extreme tips of the jetties !

¢ (Reference Figure 1), and assuming an average depth of 56.8

* Information from U.S. Army Engineer District, Portland,
1977.




feet at MSL based on the hydrography of the Postdredge Survey,
Columbia River Mouth on 5 October 1978 (U.S. Army Engineer
District, Portland), the following average current speeds are

obtained for various river discharge levels:

Average Current Speeds Attributable to River Discharge i

Average ?

Discharge Current Speed
(Ft3/sec) (Knots) 1
Estimated Extreme Low-Water Flow 80,000 0.1 :

Approximate Minimum Project Flow 100,000 0.1

Approximate Maximum Project Flow 300,000 0.3 4
Maximum Racorded Discharge 1,200,000 1.2 1
!

It is apparent that, as a general rule of thumb, each 100,000

cubic feet per second of discharge produces an average out- :
bound current of 0.1 knbts at the entrance. It should be ‘
remembered that this figure represents an average value for

an assumed rectangular cross-section. Actual speeds will vary

considerably with depth and location. Nevertheless, in light

of the flow rates which prevailed during the course of the

study period, discharge-induced currents appear to be rela-

tively minor compared with tidal currents.

Due to their dependence on local weather systems, coastal cur-
rents are unpredictable and difficult to quantify. According
to Captain Martin West of the Bar Pilots (personal communi-
cation, June 1979), the . ~t of wind-induced currents is
most evident seaward of the j.tty tips (Reference Figure 1).

A westerly-setting ebb at buoy No. 8, for example, may become
southwesterly at buoy No. 4 under the influence of a strong
northwesterly wind.

An indication of the net current regime which prevails at the i

river entrance is provided by the following summary of average |
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speeds measured opposite Clatsop Spit at strength of tides
during April, May and September 1959:

Average Maximum Measured Current Speeds

Average Maximum

Tide No. of Tides Speed
Stage Measured (knots)
Low (Sept.) Ebb 7 2.9
Flood 7 2.7
Intermediate (April) Ebb 8 3.0
Flood 8 2.3
High (May) Ebb 17 3.3
Flood 17 2.0
Source: "Current Measurement Program", U.S. Army Engineer

District, Portland, September 1960.

Peak speeds recorded during the 1959 measurements were 6.5
knots on the ebb and 3.6 knots on the flood. During a similar
study conducted in 1933, a maximum current of 7.3 knots was
observed on the ebb tide at one-tenth depth. These figures
agree well with the observation of the Coast Pilot (Department

of Commerce, June 1976, p. 238) that ebb currents at times
exceed 5 knots, whereas flood currents are generally less than
4 knots. It is also reported in the Coast Pilot that the ebb
currents on the north side of the bar attains speeds of 6 to

8 knots. Outside the jetties, current speeds diminish.

Inside the jetties, the net current directions tend to be east-
erly on the flood and westerly on the ebb (Captain Martin West,
June 1979, personal communication). Due to the alignment of
both the Entrance and Sand Island Ranges (Reference Section
5.1.4), the entrance channel tends to be subjected to a cross-
current, a phenomenon observed during the 1959 current measure-

ment program.

An additional influence observed in the course of the present
study is a pronounce et to the southwest in the vicinity of
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buoy No. 10 during the first few hours of the ebb. This cur-
rent is produced by water exiting Baker Bay in the dredged
channel west of Sand Island (Captain Martin West, June 1979,

personal communication).

Outside the jettied portion of the entrance, the predominant
east-west current orientation may undergo considerable modifi-
cation under the influence of wind-driven currents.

Waves

Although direct, long term wave measurements at the Columbia
River Entrance are lacking, the wave climate may be inferred
from available deep water wave statistics. A statistical
hindcast study for the years 1956 through 1958 prepared by
National Marine Consultants, Inc. [11] includes data for a
station located at 46°12'N, 124°30'W, approximately 14 nautical
miles seaward of the Columbia River lightship. Additionally,
observations made by ships in passage off the coast of Oregon
and Washington are tabulated in the U.S. Naval Weather Service
Command's Summary of Synoptic Meteorological Observations
(SSMO) (May, 1976, Area 40).

It is evident from Figure 7, which is based on SSMO data, that
both seas alone and the higher observed sea and swell are con-
siderably more severe during the winter months. Low pressure
systems moving eastward across the North Pacific create swell
which generally approaches the study area from a northwest
through westerly direction. In addition, storm systems passing
in the immediate vicinity of the river mouth contribute rough
seas which may occur concurrently with high swell conditions.
In keeping with the orientation of prevailing winter winds,

the predominant direction of winter seas is from the south.

During the summer months, the wave climate is significantly
milder. Both sea and swell from the northwest guadrant pre-

dominant.
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The average annual distribution of deep water wave heights
based on both the SSMO and National Marine Consultants sta-
tistics is presented in Figure 8. Swell heights are displayed
for the National Marine Consultants data, whereas the higher
of observed sea and swell heights is plotted for the SSMO data.
Sea and swell roses summarizing average annual deep water wave
conditions compiled in the National Marine Consultants hind-
cast are presented in Figures 9 and 10, respectively.

Local wave conditions at the bar may vary dramatically from
offshore conditions due to the effects of refraction, shoaling,
and currents. During periods of ebb tide, incoming waves are
significantly steepened under the influence of the outbound
current to the extent that breaking may occur across the entire
entrance for waves which are non-breaking offshore. Conversely,
during flood tide, the steepness of offshore waves tends to

be reduced in the river mouth.

5.1.4 Navigational Considerations

Vessel Traffic

The Columbia River entrance is transited by deep~draft vessels
bound to and from numerous ports and landings upriver, the
principal of which are Portland and Astoria in Oregon, and
Vancouver and Longview in Washington. As indicated in Table
4, which presents a summary of vessels using the entrance
classified by draft, an annual average of 962 ships with a
draft in excess of 30 feet transited the bar between 1971 and
1977. The river traffic consists primarily of oil and dry
bulk carriers, auto and log carriers, and general and con-

tainerized cargo carriers.

Channel Configuration

The present entrance channel over the Columbia River Bar con-
sists of two alignments linked by a 35° turn (Reference Figure
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BASED ON 3—YEAR HINDCAST FOR THE PERIOD
1966 — 1958 FOR 46°12'N, 124°30'W

SOURCE: NATIONAL MARINE CONSULTANTS, INC..

FIGURE 9 — DEEP WATER SEA ROSE
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TABLE 4
SUMMARY OF DRAFTS OF VESSELS USING COLUMBIA RIVER ENTRANCE

L‘I‘OTAL l 712

Doy, | 1971 | 1972 | 1973 | 1974 | 1975 | 1976 | 1977 | 7 YR-aV
30 | 145 | 196 | 234 | 202 | 168 | 161 | 178 183
31 | 175 | 166 | 229 | 161 | 144 | 173 | 187 176
32 | 129 | 235 | 248 ( 194 | 201 | 202 | 206 212
33 83 | 132 | 113 | 145 | 145 | 213 | 203 148
34 48 | 64 | 73 | 85 | 100 | 160 | 149 97
35 26 | 43| 45| 95| 70 | 94 | o1 66
36 21 | 43| 33| 49| s6 | s2 | s1 44
37 12 | 15| 20| 33| 23] 24 20 21
38 71 13| 16 | 18 7 10
39 2 6 4 4 4
40 4 0 0 1

901 {1008 | 983 | 932 |1101 |1096 962

SOURCE:

Waterborne Commerce of United States.




1). Approaching from seaward, the channel commences with the

4 Entrance Range at an alignment of 045° True. From buoy No. 2,
where the buoyed channel begins, to buoy No. 8, where the
Entrance Range intersects with the Sand Island Range, the
channel extends approximately 3.3 nautical miles. The Sand

] Island Range then marks mid-channel for a distance of approxi-

; mately 1.4 nautical miles on a heading of 080° True. Proceed-

N ing upriver from the Sand Island Range, the channel makes a

N gradual turn toward a southeasterly alignment and narrows con-

4 siderably to its river width of 600 feet. For the entire
length of the entrance channel, which consists of the Entrance
and Sand Island Ranges, the authorized project width and depth
are 2,640 feet and 48 feet, respectively.

| In order to stabilize the navigation channel, jetties were

| constructed on both sides of the entrance. The south jetty,
begun in 1885, reached its ultimate length of 6.62 miles from

: ’ Point Adams in 1913. Severe wave conditions subsequently
reduced the elevation of the outer end of the structure to
low-water level. The head of the superstructure was stabilized

4 at its current position approximately 3,900 feet shoreward of

' the outer end of the jetty by placement of a concrete terminal
» block in 1941. The outermost portion of the south jetty thus
i provides only partial protection from southerly sea and swell

(Reference Figure 1).

The original north jetty was constructed 2.35 miles in a south-

westerly direction from Cape Disappointment between 1913 and
1917. With the exception of the outermost 1,500 feet, a short
dog-leg to the west which has deteriorated, the jetty is
presently in good condition.

Pilotage

Vessels wishing to cross the Columbia River Bar must be under

the supervision of an officer licensed by the U.S. Coast Guard
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with a specific pllotage endorsement for the Bar :f they are:
a.) a foreign registry, b.) of U.S. registry and bound to or
from a foreign port, or c.) of U.S. registry, bound between
U.S. ports, and in excess of 1,000 Gross Reglstered Tons.*

With the exception of a relatively small number of U.S. coast-
wise vessels under the command of masters with piiotage endorse-
ments, pilotage is provided by the Columbia River Bar Pilots,
an assoc:iation currently composed of 21 highlv-experienced

ship masters. Eligibility for +the association is dependent

not only on a federa! pilotage endorsement but also on a
master's license and master's experience. The pilotage board-
ing and debarking areas are located off Astoria, Oregon on the
river end, and approximately 1 nautical mile east of the
Columbia River Lightship on the seaward end of the bar pilotage

ground.

Bar Closure

Primarily during the winter season, severe wind and wave condi-
tions occasionally necessitate closure of the river entrance

to all vessel traffic. Such closures, which are ordered at

the discretion of the Bar Pilots, generally last for a period

ranging from several hours to several days.

Bar closures are summarized in Table 5 for the calendar years
1971 through 1979, and the first four months of 1980. The
aggregate duration of closures reached a high of 384 hours 1in
1971 and a low of 79 hours in 1978 with an annual average of
203 hours for the period of record. An average of 22 days per
year were affected by bar closures, ranging from 43 in 1971 to
9 in 1978.

The predominant cause of bar closures is swell breaking across
the entire width of the channel, rendering vessel passage

unsafe. This occurrence is most prevalent during periods of

* Columbia River Bar Pilots, Personal Communication, June 1979
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TABLE 5
SUMMARY OF BAR CLOSURES
FOR THE PERIOD 1971 THROUGH APRIL 1980

AGGREGATE NUMBER OF DAY-?
CA&EEEAR DURATION AFFECTED
OF CLOSURES BY CLOSURES
(HOURS)
1971 384 43
13972 179 23
1973 125 22
1974 245 31
1975 247 25
1976 133 11
1977 304 20
1978 79 9
1979 126 11
1980 (through 63 5
April)
Annual Average 203* 22%

*Excluding 1980

Source: Columbia River Bar Pilots

ebb tide, when incoming waves are steepened to the point of
breaking by the outgoing current. According to Captain Martin
West of the Bar Pilots (personal communication, June 1979), a
large majority of all bar closures is associated with a single
ebb tide, lasting typically five to seven hours. During
periods of particularly severe wave activity, however, the

bar may remain closed due to breaking throughout the tidal

cvcle.

An additional, though infrequent cause of bar closures, 1is
the extreme wind and sea conditions associated with passing
storms. Particularly following the passage of a front, with
resulting confused sea conditions, the transfer of pilots to

and from the pilot boat may be precluded even though the
channel is navigable. Such occurrences are typically of H

short duration.
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5.2 ENVIRONMENTAL CONDITIONS DURING THE STUDY PERIOD

The environmental conditions observed from shipboard during
each of the 53 bar transits have been presented in Table 1.
Considered as a whole, the study period was marked by unusually
calm wind and wave conditions. When asked to characterize the
winters of 1978-1979 and 1979-1980, the Bar Pilots described
the winter of 1979-1980 as relatively worse than 1978-1979,
but both were mild as compared to previous winter seasons.
Their judgment is well substantiated by Table 5, which lists
data on bar closures for the period January 1971 through April
1980. During the years 1978 and 1979, the bar was closed to
vessel traffic an average o 79 hours spread over 9 days for
1978 and an average of 126 hours spread over 11 days for 1979.
This compares with an annual average of 203 hours and 22 days

over the period of record.

A category-by-category account of the environmental parameters
in Table 1 is presented in the following sections, along with

a general assessment of their effect on vessel operations.

w
.
3]

.1 Weather

In general terms, weather conditions were mild during the 53
bar transits with an unusually low frequency of precipitation
and no major storms. Precipitation was encountered on 16
occasions, with the remainder of the voyages approximately

equally divided between fair and overcast conditions.

Monthly summaries of weather observations at Clatsop County
Airport (Astoria, Oregon) are provided in Appendix E for the
Phase I and II field periods. Appendix F contains the daily
summary weather observations at the same station for the
Phase I and II field periods for each of the 53 transit

dates.
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5.2.2 Visibility

Visibilities of 2 nautical miles or less were encountered on
Voyage Nos. 19, 24, 29, and 38. During these transits, the
pilots depended heavily upon radar due to the obscurement of the
range lights and all but one or two channel buoys at a time.
The worst visibility was encountered during Voyage 29, when
dense fog often obscured the ship's bow from view. Even this
transit, however, despite a few tense moments when passing
another ship bound in the opposite direction, was rated as
"easy" by the pilot in light of the calm wave conditions and
relatively slack current. Owing largely to the guality of
modern radar equipment, reduced visibility appears to pose a
major problem only in concert with other adverse factors, such

as waves, currents, and other traffic.

Visibility was impaired to a lesser extent on 16 other transits.
When the visibility exceeded several miles, however, it was
generally possible to sight several consecutive channel buoys
even though the range lights were obscured for a portion of

the crossing; other traffic in the channel was also discernible
at a relatively safe distance. Under such conditions, radar
and visual sightings were used in a complementary fashion and
passage through the channel was not hindered to any large

extent.

Even during transits with unlimited visibility, of which there
were 33, the pilots frequently employed radar as an aid in

locating channel buoys and other traffic.

Visibility observations taken at Clatsop County Airport on
tiie date of each transit are in the weather data presented in

Appendix F.




5.2.3 Winds

The wind conditions which prevailed during the 53 bar cross-
ings conformed closely with the seasonal trends in direction
discussed in Section 5.1.2. For the seven transits made
during May and June 1978, winds blew exclusively from a north-
westerly through westerly direction. Winds from the southeast
guadrant were most frequent during the subsequent winter months
of November through March. Speeds were generally low, with 31
transits conducted in winds of 10 knots or less. Of the 22
remaining transits, only seven were subjected to winds exceed-

ing 15 knots.

The most severe wind condition encountered during the Phase I

study was a 25 to 30 knot northwesterly during Voyage No. 14.

Although this transit took place on an outbound tanker in the

ballast condition, navigation of the vessel did not appear to

be significantly affected by the direct influence of the wind.
The resulting sea and current conditions, however, did combine
with a moderate swell condition to produce a crossing rated

as "moderate" by the pilot.

The most severe wind conditions encountered during the Phase

IT study were on Voyage Nos. 37, 38, and 44. Voyage Nos. 37 and
38 were both aboard the Hoegh Mascot, a bulk carrier, going in-
bound and outbound, respectively. On Voyage Nc. 37 an east south-
easterly wind was blowing at 30-35 knots with gusts to 45 knots.
The strong wind combined with a weak ebb current resulted in

the ship being set to the north side of the channel. On Voyage
No. 38 a southerly wind was blowing at 40 knots with gusts to 50
knots. The strong wind, this time combined with a strong ebb
current and developing seas of 6-10 feet, again caused the ship
to be set to the north side of the channel. Even so, the

pilots rated Voyage No. 37 as an "easy" crossing and Vovage No.
38 as a "moderate" crossing due to the combination of wind,

current and developing seas. Vovage No. 44 was outbound aboard the
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automobile carrier World Wing. Typical of automobile carriers,

'
e i e — —r———

' the Worid Wing has a large sail area and relatively shallow i
draft causing difficult steerage in crosswinds. The WVorld Wing
was the first ship out following a bar closure of approximately
6 hours. Winds were blowing from a westerly direction at

} 25-30 knots and gusting to 40 knots. The pilot boat Peaqcock,

which was outside, radioed that the swell was 10-15 ft, short
and sharp from the west. As the World Wing headed out, the
combination of the wind, swell, and flood current set her down

t on the south side of the channel beginning around buoy No. 8. As
a result she was crabbing north as much as 15° to maintain her
course. The crossing was rated "moderate" by the pilot but
he commented that no reduction from sea speed was required,

» which he thought was notable.

Although wind conditions may necessitate corrective action by
the pilot, winds alone do not appear to significantly affect

4 the safe navigation of the entrance channel.

Wind, sea and swell observations from the lightship Columbia

at the approximate time of most transits for Phase I are com-

) piled in Appendix G. Data for some transits were unavailable
due to the lightship not being on station. Wind and preliminary
wave spectra data at the approximate time of most transits for
Phase II and some of Phase I are also compiled in Appendix G.
’ These data are from gauges located near the Columbia River Entrance
and are provided by the U.S. Army Coastal Engineering and Research %
Center. Additionally, wind observations at Clatsop County Air-

port are included in the weather data in Appendix F.

LY

5.2.4 Seas

e re s L

Sea heights, like wind speeds, remained small throughout most i
of the project and exerted little negative impact on vessel
navigation. Seas greater than 2 ft were encountered on only
16 transits, with the highest seas of 6 to 10 ft associated

e e rere e
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with the strong southerly winds already mentioned in connection ?
with Voyage No. 38. For the entire project, Voyage No. 38 ?'
represents the only case where the sea conditions were higher
than the swell conditions, which clearly played the major role
in inducing vessel motions. From the project's point of view,
it is unfortunate that no major storm systems with severe seas

were encountered at the river mouth.

Sea heights and periods observed from the lightship Columbia

for Phase I appear in Appendix G. Because the lightship Columbia

was replaced by a lightbuoy in November 1979 there is no observed

sea height data available for Phase II. N

5.2.5 Swell

Although no major storm systems passed through the area during
any of the bar crossings, relatively severe swell generated by
distant storms was encountered on several occasions. Based

on the pilots’ observations and statistics on bar closures
(reference Table 5), however, the swell conditions prevailing
during the project must be characterized as unseasonably mild.
It is apparent from Table 1 that the overwhelming majority of
observed swell exhibited an 8 to 10 second period. Forty-two
of the 53 transits recorded swell directions from northwest

through west, with west the most prevalent orientation.

Swell conditions unquestionably exerted the most significant
influence on vessel navigation in the entrance channel. Of

the 10 bar crossings on which swell heights were observed to
equal or exceed 10 ft, 8 were rated as "moderate" or "difficult"
by the pilots. The other transits rated "moderate" (Voyage

Nos. 14, 38, 50, and 52) experienced 8 to 10 ft swells except
Voyage No. 38 which experienced the roughest sea conditions
recorded during the project of 6 to 10 ft. A 10 ft wave

height thus appears to constitute an approximate threshold
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above which vessel navigation becomes considerably more dif- H
ficult. This value may be modified to some extent by other .
environmental factors and ship characteristics (e.g., draft, :
speed, seakeeping abilities). On the two transits which were

rated as "easy" despite swell heights in excess of 10 ft, for

example, the other factors such as draft, visibility, and sea

height were conducive to an untroubled passage (Voyage Nos. 9

and 22, both of which experienced 10 to 12 ft swell).

The roughest bar crossing, Voyage No. 15 on the inbound tanker
dillyer Brown, warrants amplification as an illustration of
severe bar conditions. When the ship arrived at the pilot
station in the early morning hours, the bar was closed due

to a 15 to 20 ft westerly swell breaking across the entire
entrance at the strength of the ebb tide. However, as the ebb
flow subsided and breakers (visible on the ship's radar) became
less frequent, the bar was opened and the Brown headed in

onn the entrance range several miles behind an auto carrier.
With the westerly swell on the port quarter, the helmsman had
difficulty holding his course, and frequently had the helm

hard over in an attempt to maintain steerage. The problem was
exacerbated by the presence of the auto carrier ahead, forcing
the 3rown to maintain a slower speed than desirable for steerage

control.

When the waves became steeper and breakers more frequent between
buoy Nos. 4 and 6, the ship broached on two occasions, swinging
to the north nearly beam-on to the swell. On the second occasion
a large wave broke directly against the hull, sending green
water over the wheelhouse (approximately 50 ft above the water-
line) and completely obscuring the deck below. Although no
major damage was sustained, stanchions on the weather side

were bent, doors and ports not securely dogged were breached,
and a large searchlight was swept off the weather bridge wing.
Once the ship recovered and made the jettied portion of the
entrance, the remainder of the passage was uneventful. The

bar was subsequently re-closed to vessel traffic.
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Two additional transits, Voyage Nos. 16 and 19, experienced é
swell of up to 18 ft from the west. Because the ships were e
outbound in both cases, heading toward the swell, steerage was L

not a problem. The pilots were most concerned with the pitch-
ing motion, which they attempted to minimize by reducing speed.
Once again, the roughest conditions were located between buoy

Nos. 4 and 6. Breakers were infrequent and relatively weak, 1
posing no danger to the vessels.

Swell observations from the lightship Columbia for Phase I in
Appendix G show poor agreement with the shipboard observations
in Table la. The lightship data are characterized by con-
sistently shorter periods and lower swell heights. Preliminary
wave spectra data (Appendix G) for Phase II show much better

agreement with the shipboard observations in Table lb.

5.2.6 Currents

The "Tidal Current" column of Table 1 is based solely on tidal
current predictions (U.S. Department of Commerce, 1978, 1979 and

1980), and as such is intended only as a rough indication of

prevailing conditions. Wind and discharge-induced currents

are not considered. The designation "slack"”" is arbitrarily
applied when the entire data acquisition period for a particu-
lar transit falls within one hour of the predicted slack water,.
A more detailed insight into current conditions is provided

in Appendix H, where hydrographs of tide heights actually
observed at Astoria for the 24 hour preriods centered near the
time of each bar crossing are presented. River discharge at

Vancouver, Washington is also indicated for each transit date.

Actual current conditions during the transits were difficult f

to observe accurately due to the ship's speed and instances ‘

of reduced visibility. On several occasions, however, the time 3

nf slack water appeared to differ from the prediction. Due % H
!

to the light wind conditions which prevailed during most of

58




the project transits, wind-induced currents were rarely detected. ;
One of the most pronounced of these was associated with the

25 to 30 knot northwesterly on Voyage No. 1l4. Once the outbound

Chevron (Colorado cleared the jetties, she experienced a

southerly set of approximately 3/4 knot.

Although currents at the river entrance necessitated frequent

lj course corrections, they did not by themselves appear to create
a severe hazard to navigation. In this regard, the experience
of the pilots in anticipating and compensating for the effects
of the current is of paramount importance. Modern shipboard
radar is also a valuable asset in detecting position changes

due to unexpected currents before they endanger the vessel.

The most significant impact of currents on vessel navigation
occurs through the steepening and breaking of waves under the i
influence of the ebb current (reference Section 5.1.3). For
wave heights under about 10 ft, current-induced steepening

appeared to pose no problem to vessel operations. For higher 3
waves, however, the presence of an ebb current created signifi-

cantly more difficult transit conditions, particularly when

it induced breaking.




6.0 DATA ANALYSIS

6.1 METHODOLOGY

As described in Section 2, there are basically five parameters
directly measured through instrumentation. They are pitch,
roll, heave acceleration, ship heading, and ship position.

The actual procedure of sampling, classifying and analyzing
these data will be detailed in the next section. In this sec-
tion, some fundamental background to transform these basic

data into the desired information is discussed.

The primary information required from the measurements are

the variations of vertical and horizontal excursions of a

ship passing through the entrance channel. This information
will then provide the guidance for the channel depth and width
design. The basic data obtained from these measurements, how-
ever, do not directly provide the desired information because
the sensors measure only the motions at one fixed point on a
ship. Nevertheless, the basic data can be used to determine
the motions at any arbitrary location i1f a correct transforma-
tion procedure is applied. 1In general, it is always desirable
that the sensors or the measuring devices are located as close
as possible to the ship center of gravity so that the movements
at other locations can be determined with minimum correction.
In real cases, however, this is not often practical. For
practical reasons, our measurements were taken at the naviga-
tion bridge with all the sensors located on the ship center-
line whenever possible. It is evident that the largest move- 1
ment at any instant occurs at one of several extreme points of
a ship, for instance, the bow, the stern, or the bilge, the

corner where the side hull meets with the bottom in the neigh-
borhood of midships. 1In order to determine the motions at
these locations, some algebraic manipulations of the basic
data are required. In the following, the methods of obtain-

ing the motions at these locations are outlined.




Vertical Motions

Three fundamental modes of motions affect the vertical move-
ment of a ship: théy are pitch, heave and roll. Pitch is an
angular motion signifying the rise and fall of the bow and
stern of a ship in a rough sea, heave is an up and down trans-
lational motion of the ship, and roll is an angular motion
about the ship's longitudinal axis. Due to combined motions
of pitch, heave, and roll, the largest vertical motion occurs
normally at the bow, stern or bilge, as these three locations
are the farthest points from the center of gravity (CG)}, the
approximate center of movement in most cases. In most ships,
the CG is located aft of the midship, and con~equently, the
bow normally has larger vertical motion than either the stern
or the bilge. However, this is not always true. For 1instance,
when the upward heave motion is in-phase with the bow dowi pitch
motion, the stern movement would be larger than the bow, even
if the CG is nearer to the stern. In other words, the phase
angle between heave and pitch has as significant an effect as
the motion amplitude on the total movement at various locations.
Similarly, when rcll motions are more significant than pitch
motions, movements at the side or the bilge rather than those
at the bow may be the controlling factor for the channel depth

and bottom clearance.

Let Bm(t), ;m(t), and @m(t) be the pitch, heave and roll measure-

ments at the sensor location (xm, Y

dinate system 0-x,y,z is considered, with its origin located

, zm). A Cartesian coor-

at the ship CG, positive x toward the bow, v portside, and z
upward. Angular motions are considered to be positive as fol-

lows: pitch down by the bow, roll to starboard, and yaw to port.

It should be noted here that cm(t) is not directly measurable
from our instrumentation; only heave accelerations were actually
measured. A double integration in time of the measured data

is required to obtain Cm(t). The method and procedure to per-

form these integrations will be discussed in Section 6.2.
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After cm(t) is obtained, the heave motion at the ship CG,

z(t), can be calculated by
g(t) = ¢ (£) + x_ tan 8(t) + R{cos 8- cos[8+ ¢ (t)]} (1)

where

~ 2 2.
R = (ym + zm )

= —tan'l(ym/zm>

It is clear that there is no difference in angular displace-

™
|

ments from one location to another so that 6(t) = Gm(t) and
p(E) = o,(8).

The second term on the right-hand side of Equation (1) repre-
sents the correction of heave motion due to pitch and the third
term the correction due to roll. It is noted that Equation (1)
is derived on the basis that both the pitching and rolling axes
are passing through the ship CG. For ships of ordinary form,
the assumption for roll is well accepted [12], but the location
of the pitching axis may vary from 0.04 to 0.16 of the ship's
length abaft of the cG [7].

The operation shown by Equation (1) provides the transforma-
tion of the measured data to obtain the heave mo*ion at the CG.
The final objective is to obtain the largest ve cal motion
of the ship. Let the distance between the ., an. CG be Xeo
then the total vertical movement at the bow, hf, can be evalu-

ated as follows:

hf(t) = Z(t) - Xe tan 9 (t) (2)

a

Similarly, if X is the x~cocordinate of the stern, the vertical

excursion at the after end of the ship, ha’ is
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ha(t) = g(t) - X tan 8 (t) (3)

Aside from the bow and stern which may have an extreme move-
ment due to a combined motion of pitch and heave, a large
vertical excursion may occur at the side of the ship hull due
to a combined motion of heave and large roll oscillations, and
conseguently, create critical bottom clearance at the bilge.
If the extreme beam width of the ship is B, then the vertical
excursion at the side or the bilge is approximately given by
hg(t) = z(t) ¥ 3B tan o(t) (4)
where the upper sign is for the portside excursion and the

lower sign is for the starboard.

Horizontal Motions

There are two kinds of horizontal motions which are relevant
to our analysis. One is the sideways translational movement
of the entire ship, which is normally known as sway. The other
is an angular oscillatory motion of the bow and stern and 1is
called yaw. These two motions combine to determine the total
sideways excursion of a ship underway. There is another mode
of horizontal motion--surge, which signifies the fore and aft,
translational, oscillatory motion normally generated by the
imbalance of propulsion power and ship resistance due to vari-
ous disturbances, for instance, waves. Since this component
has little affect on either the width or the depth requirement

of a navigational channel, no measurement of this component

was considered.

The information on horizontal motions is obtained from analysis
of the measurements of ship heading and trajectory track. In
principle, by comparing the recorded trajectory track with the

intended path, the maximum sideways excursion from the intended
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path is evaluated to represent the maximum sway for a ship
passing through a given length of the channel. Similarly, com-
paring the recorded ship heading with the trajectory course
determines the instantaneous yaw angle. If L is the length

of the ship, from the information on yaw data, ¥w{t), the pro-
jection of the ship length on a cross vessel-track plane is

given by
b(t) = L sin v (t) {(5)

By assuming the ship as a rectangular box of length L and beam ]
B, the total effective projection width can also be determined

through elementary geometry. This information together with

the tracking deviation, or the sway as defined above, provides

the total sideways excursion, which will be detailed in Section

8.2.

Statistical Analysis

From the foregoing discussion, it is understood that there are
six fundamental parameters available for analysis among which
pitch and roll are directly from measurements, and heave, bow,
stern, and vertical side motions are derived from the original
motion measurements. Each of these data is in the form of a
time history of a fluctuating quantity. 1In order to describe
data of this sort, two important aspects must be characterized:
(a) the amplitudes of the oscillations, and (b) the frequencies

which they contain.

Three characteristic amplitudes were processed for each sample
of record: (a) maximur amplitude, (b) average amplitude, and
(c) the root-mean-square (rms) amplitude. The detailed pro-
cedure will be shown in Section 6.2. The individual amplitudes
were also ranked according to their magnitude so that the fre-
quency of occurrence was determined and a cumulative freguency

curve was developed for each sample of data. 1In addition, the
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number of oscillations of each parameter was counted and the

average period was evaluated.

With these data on hand, it has been hoped that some analytic
functions can be fitted to the data and a test of significance
be applied, so that certain statistical predictions and con-
clusions can be reached with confidence on the basis of the

available data.

In general, ship motions, as well as ocean waves, under a
given set of conditions can be described in terms of their
distribution functions. There is considerable evidence [7, 8],
indicating that the amplitude oscillations of a ship under a
given sea condition obey the Rayleigh distribution law which

is defined as

where p(x) 1is the probability density of x
x 1s the variate

E is the mean value of the squares of x, namely (ers)

2

The cumulative distribution function is defined as the proba-

bility of a single variate being less than a given value X4

mathematically:

or
_ 2
(i/x ms)
P(x;) =1~ e r (8)

The probability of the variate to exceed Xy is then




- 2
i/x
Q(x;) =1 - P(x;) =e ( rms) (9)

It is well known that the Rayleigh distribution is the asymptotic
case of a very narrow spectrum [13]. While many of the records
obtained during our measurements are not narrow-banded, still

it will be shown that in most cases the Rayleigh law can be

used to estimate a number of parameters; thus some statistical

judgments can be made.

The Rayleigh distribution law is probably appropriate to
describe a single event under a given condition. In order to
draw some statistical conclusions from long term observations
other analytic distributions have been tried and fitted. An
attempt to fit the entire collected data into a logarithmic
normal distribution has been tried and found successful. A

log-normal distribution is defined as

2
1 - -
plx) = ——— g 1109 X25) (10)
xov 27 20
5
u, -4°
i -:
and P(Xi) - 2 J[ e 2 du, with u = 293;§~1 (11)
V2 ’

o
where 5 1s the mean value of lecgx and 0° is the variance of

log x.
6.2 PROCEDURES

The actual raw data recording took place approximately as the
ship traveled between buoy No. 2 and Jetty A just inside the
river. Time for the ship to travel this distance is approxi-
mately one-half hour. During this period the ship motions

were monitored and recorded 5 times/second on a data cartridge.
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At the field office the raw data were edited and transferred

Irom the data cartridge to Hewlett Packard flexible disks for
analysis and plotting on Hewlett Packard 9845 and 9830 com~-

puters at the home office. Editing consisted of looking for .
and marking any data gaps.

The actual data recording times for the entire 33 voyages are

summarized in Tables 6a and 6b. In addition to the recording ﬁ
time, the data processing time is shown, which is the time
interval within the recording time for which the data analysis
applies. These times can be correlated with the ship track i
plots in Appendix A to visualize the ship's location. To the
extent pcssible, the analysis was performed for that segment
of data for which the ship was between buoy Nos. 2 and 8. On
several outbound voyages, however, the data recording was
terminated prior to reaching buoy No. 2 so as not to reflect
course and speed changes related to discharging the pilot.
Table 6 does not apply to the yaw data analysis as it is

processed independently as will be discussed later.

The data analysis consists of the following: Computation of
heave displacement from heave acceleration, computation of the
excursion at the bow, st2rn and side due to heave, pitch, and
roll, statistical analysis of the motions and excursions, time
series and cumulative frequency plots of the motions and excur-
sions, yaw and sideways excursion =nalysis, and plots of the
ship trac hrough the channel. Following is a discussion of

the procec..es used in the above mentioned analysis.

Computation of Heave Displacement and Excursions

Let Em(t) be the heave acceleration at the sensor location

(xm,ym,zm). Analytically, this time history data can be

expressed as follows:
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TIME INTERVALS OF DATA RECORDING
AND DATA PROCESSING FOR EACH TRANSIT
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C e

Cm(t) = Ao +i§i (Aicos wit + Bi51n mit) (12)

where the A's and B's are Fourier series coefficients to be
determined, w, = 2mi/T and T is period. Because the ship

experiences no net acceleration the constant Ao can be set
equal to zero. The coefficients Ai and Bi can be computed

as follows:

t+T
_ 2 P
A, = T.j[ Cm(t) cos w;t dt (13)
t=t
t+T
_ 2 o .
Bi = T/ Cm(t) sin wit at (14)
t=t

Equations (13) and (14) can be solved by numerical integration

using Simpson's rule for a finite number of terms.

Likewise an equation for the heave displacement at the sensor
can be written as follows:

x

2 (t) = ag +i§1 (a; cos w,t + b, sin v;t) (15)

where again the constant a  can be set equal to zero because
the ship experiences no net displacement and the constants a;
and bi can be computed directly using the following relations:

Ay

ai = = ——2- (1)
Wi
B.

b, = - -Lz (17)
w.

1

Thus by integrating Equations (13) and (14) and evaluating
Equations (16) and (17) the displacement for a data segment

of period T is completely described by Equation (15).
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In actual processing, data of accelerations were divided into

[ B8-second segments. Using the above technique the entire accel-
eration record was converted to a displacement record segment
by segment. To avoid end effects the first and last second
of each 8-second segment were neglected when the displacement

! ¥ was computed. Therefore, each segment evaluated must overlap
|

the previous segment by 2 seconds.

. Once ;m(t) has been computed by the above procedures, the heave
v at the ship's CG and the excursions of the bow, stern and side

can be computed by the methodology outlined in Section 6.1.

Y

The above computations were performed on the Hewlett Packard si
9845 Desktop Computer. The HP9845 has two internal digital ‘
cassette tape drives and both are utilized. Raw data are

i sequentially read from the flexible disk into computer memory,

computations performed and results stored in numerical format
on the cassettes. One of the cassettes stores the pure motions
pitch, roll, acceleration and the time of day, while the second
cassette stores the results of the computed heave at the ship's
CG and excursions of the bow, stern and side. The data are
stored in a convenient format for statistical analysis and

plotting.

Computation of Statistical Parameters

The statistical analysis as discussed herein applies to the ]
pitch, roll, heave acceleration, heave at the CG, and excursions ;

of the bow, stern and side. Yaw and sideways motions are dis-

cussed separately. The statistical parameters of interest are 5
the mean line deviation from zero, the maximum, average, and )
rms amplitudes, the number of variations and the average period.
In addition, the necessary information to plot cumulative fre-
quency is computed. The mean line deviation for pitch and

roll corresponds to the static trim and list, respectively.

For linear motions, this value is zero or small within record-
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ing and processing accuracy. All the processed amplitudes
including maximum, average, and rms are referred to the mean

line.

The statistical analysis was performed on the HP9845. Once
again the data were sequentially read into the computer memory
from the cassette data tapes and computations made. The final
results of the statistical analysis were output both in tabu-
lated form on the HP9845 internal printer and stored on a
third data tape for use in drawing the time series and cumula-

tive frequency plots.

As previously mentioned, data were recorded between buoy No. 2
and Jetty A just inside the river. All of these data were used
in plotting the ship's track through the channel. However,

the portion of the data between buoy No. 8 and Jetty A is of no
particular interest due to the relatively calm water condition
in this area. Therefore, so as not to bias the statistical
results, only that portion of data between buoy No. 2 and 8 was
analyzed. The data analysis beginning and ending time is con-
trolled by the user who inputs these times into the computer.
The actual beginning and ending time was determined from the
ship track plots (see Appendix A) and has been presented in
Table 6.

Let x{t) represent any one of the ship motions or excursions.

The following formulae were used in the statistical analysis:
N

2 x(t,)

mean deviation from zero = x = iilﬁr___ (18)

average amplitude =

I |peak amplitude] (19)
N

p

e




Y
L (peak amplitude)2 (20)

rms amplitude = N
p

total number of data points
total number of peaks.

where N

N
P

The peak amplitude values used in the above equations are com-
puted as follows: Given the mean line deviation from zero, §,
the algebraic sign and value of Ax = x(ti)—§ changes every one-
half cycle and the peak amplitude for that half cycle is the
maximum value of Ax. Every time the sign changes the peak
amplitude value is reset to zero and the process repeats.

The largest of the processed peaks is defined as the maximum
amplitude.

Because the data contain some lower level noise in addition

to the actual recorded signal, only values larger than a
specified lower limit are counted when processing the peak
amplitudes. A truncation factor of 0.2 deg is used for angular
motions and 0.2 ft for linear excursions. Therefore, if the
peak amplitude is less than the truncation factor it is not

considered a peak. This eliminates counting false peaks.

Given the total number of peaks, Np, the average period, T, 1is
defined to be:

length of record in seconds (21)

N
p/2

T =

Time Series and Cumulative Frequency Plots

Time series and cumulative frequency plots were drawn on the
internal printer of the HP9845. The plotting program offers
the user the option of automatically plotting time series and

cumulative frequency plots for all motions and excursions or
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selectively plotting time series or cumulative frequency plots

for individual motions or excursions. In addition the user
may choose to plot any portion of the time series on an expanded
scale by simply inputing the beginning and ending time desired.

The time series plots represent all of the data recorded from
beginning to end, not just the portion of data that is sta-
tistically analyzed. Data were read from the cassette data
tapes and plotted just as it was recorded or computed. For
this reason the pitch and roll plots are not necessarily
symmetric around the zero axis, because the ship may have had
a trim or list.

Cumulative frequency plots were drawn as follows. During the
statistical analysis the peak amplitudes were computed and
stored in an array as was the number of peak amplitudes. The
peak amplitudes were then grouped according to magnitude and
the number of peaks within each group was counted and stored
in a new array. The percentage of peaks within each group was
then computed by dividing the number of peaks in each group by
the total number of peaks and multiplying by 100. The cumula-

tive frequency plot is then generated using the above percentages.

Special Considerations

On several occasions it was necessary to give special considera-
tion to the analysis of the data as it did not readily lend
itself to computer analysis in its raw form. Special considera-
tion was given to the data on voyages when the wave conditions
were so mild that the pitch data was of small amplitude and
irregular (Voyage Nos. 39, 42, 43, 45, 47, 53) and on voyages
when the pitch data was heavily contaminated with noise (Voyage
Nos. 43, 44, 45, 46). For Voyage Nos. 39, 42, 43, 45, 47, and
53 the pitch correction term, xmtane(t), in equation (1) was
not considered so that heave amplitudes at the measured loca-

tion, Lme are actually computed and tabulated. For Voyage
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Nos. 43, 44, 45 and 46 the statistical analysis of the time
series record had to be done manually due to the noise contam-
ination of the data and it should be noted that the time series
plots for these voyages, as shown in Appendix A, includes the

noise.

Ship's Heading and Ship's Track Plots

The yaw analysis was based on the time series plot of the
ship's heading and the plot of the ship's track through the
channel. Data for these plots from the gyrocompass and
positioning system were read directly from the flexible disk

and stored on a cassette tape for plotting.

The time series plot of the ship's heading was plotted on the

HP9845 internal printer as previously described.

Some data manipulation was necessary to plot the ship's track.
As discussed in Section 2.4, the positioning system data is in
terms of two ranges. These ranges must be trilaterated to
determine the position of the ship in terms of north and south
state plane coordinates. Once the ranges have been converted

to state plane coordinates the ship track can be plotted.

The trilateration computation was done on the HP9845. Position
data was sequentially read from the HP9845 data tape, converted
to state plane coordinates and finally transferred to the
HP9830A calculator and stored on an HP9830A data tape for
plotting.

The ship track plots as shown in Appendix A are generated with
the HBP9830A and HP9862A Calculator Plotter. The shore and
dredged channel outline were digitized and permanently stored
on an HP9830A data tape to be used with the position data for
a particular voyage. The plotting routine then draws plots

as shown. The small tick marks on the ship track are placed
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at one minute intervals while the larger tick marks are every

five minutes. The tick marks allow one to correlate the time

series plots and the ship's position in the channel.

Calculation of Yaw Motions

Due to the nature of the yaw motions the analysis must be con-
fined to the portion of the channel for which the ship holds
a steady course. That portion of channel was determined from

the ship track plot and falls somewhere between buoy Nos. 2 and 8.

The yaw analysis program, which is run on the HP9845, computes
the average and maximum yaw angle from the ship's heading data
as follows. Let Y(t) represent the yaw. The average yaw ampli-
tude, ¥(t), is computed from the peak to peak variations accord-
ing to the relation:

- : . : |
T(t) = L |angular varlatlonszgftween successive peaks | (22)

|%

where Np = number of peak to peak values.

The peak to peak variations were computed from the ship's head-
ing data as follows. A peak in the data is defined to be that
point in the data where the algebraic sign of the difference

in two successive data points changes from that of the previous
point. For example, if (Wi—Wi_l) is positive and (Wi+l-¥i)

is negative then Wi corresponds to a peak value in the data.
The peak value is then stored until the next peak value is found
and the peak to peak value is then defined to be the absclute
value of the difference in the two peak values. As the peak

to peak values are computed they are counted and stored in an
array for later statistical analysis. Results of the yaw

analysis were output on the HP9845 internal printer in tabu-

lated form and also stored on tape.
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7.0 VERTICAL VESSEL MOTIONS

7.1 SUMMARY OF DATA

As detailed in Section 6, for each voyage time history plots

of pitch, roll, heave, and vertical bow, stern and side excur-
sions were obtained to form the fundamental data base for

vessel motion analysis. To show as an example, the plots of

these variables for Voyage No. 9 are given in Figure 11. The

data on each plot span over 23 minutes and 02 seconds, which
corresponds to the total recording time during Vovage No. 9
beginning approximately from the location of buoy No. 1l and ending
at the vicinity of buoy No. 2. The actual ship track plot obtained
from the Mini Ranger data is shown in Figure 12. On this plot,
tick marks corresponding to one minute intervals are super-
imposed over the tracking trajectory so that time and location

can be conveniently correlated. One may notice that all motions
are significantly less inside buoy No. 8, by simply examining the

time histories together with the ship track plot.

It is noted that there is a distinct shift of mean zero in
both pitch and roll records. This shift in the pitch record
signifies the trim and that in roll corresponds to the list

the ship had at the time of transit.

As described also in Section 6, a statistical procedure has
been established so that several significant values such as

the maximum, the average and the root-mean-sqguare (rms) ampli-
tudes are processed and a cumulative frequency plot is gener-
ated for each motion variable. Figure 13 shows as an example
the cumulative frequencies of four of the variables mentioned
above for Voyage No. 9. It is understood that these cumulative
frequencies are plotted in terms of percentage to exceed a

given motion amplitude.

A summary of the vertical-mode motions for vessels monitored

over the entire period of the study is given in Table 7. Like

77




'

:—_.aaia—_ﬂ_—ia—m

s "

v b

L W
el ]
_ﬂ.. :“

wy

RUERN

i)

:.-

n

~

LA R R b i L R R

.

ik u..ﬂ:_.—az. ;Eﬁiﬁﬁiuﬁﬁ;«__:*___:ﬁ=Lﬂ==~:=ﬂa=‘_aa—§=?_=~3_~=5~3é ::—_._ja:._.:a__.:__

3 ()
ut L)
[
noos
(AR
Nl
H-
i
‘
1
0
1)
non-
n-y
m (o
m L)

g €101

(6 'ON 3DVAOA)} S1O1d SITHIS IWIL ITIWVYS — Il JHNODIS

ERIFANNRITRN
(e n (o) (e} [} (g ) L)
v o v vl @ "

..__E_.SS__E:___:.{_E\_*__,E | o "

o

_:_.qa__ﬁ_::ﬁ._a.m_a: _._ﬁ_=_ﬂ___:ﬁ_j__.:_s___&a%:_q:a_saﬁa_ﬁ._:___:_ q__ .:___.__&._E.w;_____:q_é—:_ds_

CHTH i

‘ n D) [ 2 L] (] [
[ . i 'Kl Y] n o 1

Ay -

iaa:ﬁ:éé_?__:aéa@_4___3__.__._:?:_.3_._._:4 __j_a_—i____.a__aiqa____—_a__:jaég“_:a_!_%:__aé:: a__u_‘:i_i

i~




{6 'ON 3DVAOA) L0714 MOVHL dIHS 3V1JWVS Zi IUNOIL

4 TIROROTY L A
o
»
S e e - o NPAPASE
(1334375
s B
—t—t————1
-
R o
. ~
wlea XONA
AT
[ ]
C
L ]
95190
duvig T heey |
..:,v(\.\i
'JAI L.
A
T 1121

aagRE 1 IS

AOUML dITHS G TUON JO9HATA

.




[RRER

g

R

[RRNEX

g "
1

LRI I A ...
1
I
o

AR RI] “

IR ]

RN

ML

IARERTAN]

[RANS]

[RRERN]

(RIS B

[RENR]

[N} A}
™
"
o

ae ™
1

[RRNRIAN]

ﬂ - e T e mrmu e s g
‘,n
d (6 'ON A9VAOA) SLOTd ADNINDIHS IAILYTINWND FTJNVS — €1 3HNOLS
chbe e ved Mo Yy e
v Vo ] rag Ll fa B ) s (3] [N " r. (o) i}
1 " ' w e " o i e Y a " e " o o
" - u - ] .
. B R N Rl 0o __:__..:____;.______________ ::._____.___
! n-ong
/
> ans
AY
Y n'nf .
4—
3 \ [RRRT Y T
: i r
- R
'y . 0
" ang n
. .A—
. /.. Ha. \
LW . \ ol . .
\ k
E« ./ 0o
0na \
O
T oapg
[RAR (2 ) TR KT A
L v ~n ) n ~ = Lo [} T [} [ L} (] "
;., _. : :... 4. :.. ..,.._ 4.. .Ju. 1 :.< 4. m .N .
____;._.__:A____,_;_,_._J:_________;:___‘_____:::.: _________-‘_____ [Ana A N TR L N
M. Ao .
3 3
/.
neas ,.,
4.4.. ./.
/ Jdoar \
A /
’ {omr 1 p
r '
hil .
vy ,._
Af N :._ Y
3
4 2 |
Y nona \
) oy
.A._ (KRR
+ S
o
. =Loroy
- - - - -« & -
; e e

80




AD=A098 983 TETRA TECH INC PASADENA CA F/6 13/10
COLUMBIA RIVER ENTRANCE CHANNEL DEEP-DRAFT VESSEL MOTION STUDY.(U)
SEP 80 S WANG: M KIMBLE: C BUTCHER, 6 O COX DACUS?"IU-C-OO“
UNCLASSIFIED mnr-rc-sqzs

2“2
-
END ‘




S oUWy UF UOTIVIOY PABTIIRT O BN OV pue AINTYE] 18HUWY-Juy O) NP STTPTIEAT JOU ING

xsva »-z "o s8¢t | oz ev| 1z 9 ¢o] vs rstoer| &v §'6 | ov e |eo a no NIIMIVD T10 | NOSONTHSYE NoWARRD | 6e/ee/e | 62
isva 8-9 noa €8 | €z vt )6t 9 95| ey oztoerfet s [ et 9¢ |90 9t N1 NAPMIVD 110 | NoLsirHsvs nowaiD | ec/zzze | ez
HATHNYD
iswa 8-9 frwumes | otot | oz s ot et se|loe 69 z¢ |60 6t | zz vs|so 60 N AN TVINOD e onstaa | eL/vt/e 14
: HATHNYD
Asva or-9 15 | o9 | £°1 9°¢ J6'0 2z €°z] 9t 6t 8% |90 v | et ze]eo 90 Nt NANTVINOGD ovm vasviv fec/ez/z | oz
NATIIND
asva -z mus | 9te | vz tsfet oe vz rz vy 65 | to 8t [ L7 09fea 60 N1 HINTVLNOD oy w3IOn feesrese | st
NATNAVD
Asvn - 89 mxs | eee | et e ferr oer velet ev 85 |90 vt |t €)oo s NT NANTVINOD msvm nustaa | ec/1tzz | vz
. uI v e
maery o 3-5 #oa tov | o1t o9 )it sy relez 18 06 Jeo ez |t o9g]eo NI WANIVINOD 21w s.m011 j6o/to/e | €2
: 0BTV
. - 8-9 noa zov | 62 ot ez vs s9fzy et ozt B [ e taf 90 st NI NANIVINGD miww vesvIv | eL/ee/1 | Tz
HITNVD
TR N 8-9 wiaes | iy | ece votfecz et 994 »w erztozr]| 9t ov | 1's cctr] w0 By NI WANTVINGD mowwy Naqioo | ee/vz/t | 12
ELL P
ALVYATON -9 N3LS 9°9¢ 9°Z 6°S s 1 Ls Z°v}) sz 9t o8 8'0 §°¢ L't r's Yo z°t NI HANTVINOD AV YMWITR § 6L/12/1 oz
HITHUVD
ALVIAON 0-9 mass | €95 | vv sost|eot evz euef 69 vostott{ e vezv| vy swtf ot zog 100 HINTVINGD 171 wenwn | 62/61/1 ] 61
APV
asva 9-¥ mas | toee | st oecv 19z e sz et tvs 9t |zt oee | vt 9z vo Lt w1 UANIVINOD 131 winwn | eLsot/n | et
yINNMVO aL/o¢
asva 9-¥ mog sze ot oce Jve vz ez)st zy 9y B0 sz | 8o €£z] €0 o N1 WAN TVINOO mvw wasviv | -ez/zy et
md1ad10 9 wmass | e'es | ov cozr| Lot tsz 6°Lzf g6 vt otz s'z ee | s o] 2z 6w no ¥IIMIVO TIO nMowE WAKTIIH | Beset/zy ot
F1014410 9-» s | 2°ts | ey vot| 86 6tz 9°ze| 0'9 9t tot| 2oz L6 | vy set] 6t o9 NI ¥ATIAVD 110 weona waxmim | ee/st/zy st
AANAGOH v-z mog trov | zve 1ot s'v vet v ce ozzoez| te va | e ver] U 6z 100 HADMVD TI0 | OaVHOToD NOWATHD | 8e/v0/TY]  ¥1
Asva 8-9 ] ceor | ST ecjoy Lz cziee 69 999 { €'t 6z [ 80 ¢z v0 80 N1 AIPIVO 110 | OAVROTIOD NOMAIRD | BL/€0/2T €U
¥ITUVO
asva 8-9 wiats | coee |zt s et ez ze| vz zo s Jeo at | ecr ov| vo 80 NI WANIVANGD v wasviv | ac/ez/tg Ty
xsva 8-9 moa vee | zez ev foz te 9] vy 9ot | zoz sy [ Lo e g0 o ano HATHHVD T10 | NOLONTHSVM NONATHD | 82/01/1Y 11
Asva 8-9 nog zov [ ez 66 oz 90 os|es ostrert|oe s | et 8e| o 91 w1 ¥ITHNVD 770 | NOLONTHSVM NOWATHD | RL/60/1Y  O1
- Asva 9-¢ moa 6o | ¢tz toe ]9t e 101 s ecrott] Loz 99 | e'x zo] w0 et 1o uanmMvo 110 | NOLoNTHSYM NowamD | 8L/vo/1] 6
BT 8-9 nos ves | 8z s Jet 96 v9oles corvor| oz o8] vt v Lo ez NI ¥aMVO 110 | NOLINTHSYM NOWATID | 8/t0/1]  ®
xsva v-z nod 65t | o't vefoet sz ovz]we ve ¢ |9t g€ | vo st vo 60 o |nanavs wne NrTavw Woaow | se/ve/e | L
asva 9-¥ moe tee | et vojor vz 9zl oz ot e et ge | €ov ozfvo 60 NI {uannivo wing NITUWW Hoaon | Be/ee/e ] 9
xsva 9-% noa tov | £z t's{oz @9 e6vfoe etvort]| oz v | 9v BEf Lo 51 Nr ¥IPPIVO 110 NOOTHO NOWATHD | 8L/12/9)
asva vz noe ete vt ty]leo ot tv)szore se }store ) eo tr] vo oo o |sspmivo wine eavren iaom | ee/eose| v
asa . mazs | ez J ot sz |60 't te|oz s €9 ) vy sz | 90 vt €0 too N1 {wanoreo nne aHvITVYM Hoaom | ee/so/9 | €
xeva »-z mod oey | 8t ev|st e eelze voree | ot oo | vt 6z] 90 €1 NI ¥IDEYO 110 WOZTHY NOoWARHD | BL/62/s | T
xsva 8-9 no" cev | t'e o6 |ze 9t ve| e otrzorl oz ot | 1z vo) 60 sz N1 WIDVO 110 WWVISInOt wowATRD | acsoz/s |t
[T3TAs | (3d) | #ov xwa | av MmO an | %ov Weoa  4an | S5¢  xwe| ¥V xwi | aov  xww
ORI, E——— 20 sant | ~83AV -wdAY XV x4 |-waav xen  xew |-waav -WAAV TEE | .
NOTLOTMTA .
8.20124 mouwor  Inowdos | -rien | Wd) o e _a ....ow“ ..nuhuw. iy - - ava | meson A
NOILVSLANAL TASSIA MWIXWW (4100 20 SHOLLEOE SNOTMVA &V SNAWAACH TVOILWEAl  (epn3fidey) SNOIIOM TASSIA TSN
(I ASYHA)
SNOILOW dAOW IVDILYIA A0 XYVWWAS 1
v/l JTdYL
- - - Y - - Y @ - r Y




o 3

A

hory e T g R ——— v
-
samiye; jusmdinba o3 snp eiep oM v
asva #-9 waazs |vee | Lo et | ot ot tve| 8o @t iz vo 60| 90 t]| e0 so NI ¥3INIVD wINE awerrew woaon| oeseose | s
wIDNYD
SLVaaaoN 9-» wa |aer |02 69 | zz z8 18] 8c 181 ts1] v ss)| 9oz ve| Lo vz Nl WINTVINGOD mav vasere| os/10/ | 25
HaLHIYD
asve v 2ars Jzow [ ov vrut| 0z o o9 vz o6 zotf 60 9€| ss erer] 50 9t N HANIVINGD nowsv waatoo) os/soz/e | 16
SLvgaoon v-o ma |cer | €z 59 | ez 89 9s) ss s8r wot] sz s8} viee]| @0 zz| o | wanmwo wine e woaon| os/zz/e | os
vy - - - - - - -— - - - - NI AN e awioume roage| 08/81/c | 6vv
. wgnnTvo
isva 8-9 wa J|oor | 8T 2s | 8t 65 ¢s)| 6z 96 621 60 €€| 0z os] 50 o1 Nt wanrvanoo| aoarwe sLvo swori| oeson/e | ev
wIrD
ASvE 8-9 ma |ete | 606z [ st 9 ss]oz €9 ss| to er{ 9196 s0 tr| «r NENTVINGO 137 wown| os/v0/¢ | ov
xsva v ma [9°zv | vz T'a | 61 ¢ o] @9 vt z61] 8z 09| so €'V} c0 ez| ino | wanmw wina|  wazmrasm woagm| oe/vi/z | ov
asva 8-9 wamis | eo9c | 60 z'z | ¢t 8w et | vr o€ ce| 90 vif s06T| €0 60 NI wanpv> ¥1na|  wasiawsow moagw| oe/o1/z | v
avaI0oN 8-9 ma |6ec | 2 98 | z¢ 98 o8] s6 991 ostf 97z z9o| vize| oot oe| 0 | warmvo onav oNIm amion| 08/90/2 | v
asva 9-v wimzs | 98z [ o' vz | ot e es] ot 9 sz| o oz| otz vo or NI ¥RV olav, on1m araon| os/vosz | o
TV
xsva 9-v wuazs J oose | v ee | ev s ve| et ev oe| vo otl zzss| g0 ot NI WANIVINGD nowev Kaa109| 08/¥z/1 | 7Y
YAV
xsva 8-9 mog |eze lzv ez ] o st zz] ot vy 9¢| so 60| zrvz| zo so NI NANIVINOD mrew woertn| oe/oz/1 | T
asva v-z ma |ewe oz s |zt s¢ we|ee @t zst| ez 09| ooz o1 trz| ano ¥Inmvo 110| NosoNIHSYM NowARHO| sL/BT/T1] OF
xsva 8-9 wuzas | ococ | v'o 80 | 80 1z ev|co et ozl €0 vof voerf{ zo b0 NI MTND TIO| NOLORIHSVR NOwAZmD| 6/91/21] &F
KLvaR00M - - - - - - — - -- - - 100 | wannvo wine 1005w woagu| e¢/coszt) ecy
asva v-z weszs ) g9z | s'0 1'T { s'0 or vUif zv et €| Lo €z| vos1]| €0 90 NI yanvo wing wo0swm woaoH| 6/ez/11| ¢e
HITeEVD
1sva -9 mars | w2 | et ew [z te o] et v cs| 60 vz| e19s)| g0 L0 W WANTVINOD monav waaroo| 62/9z/11] 9t
waIrmvo
isva 8-9 wazas | ocev | v v | o owt weet| 9 rzv 9ed| vz es| rrez| vt ez| o NANIVINGD a1 waww| e/1z/1t] se
xsva vz moa |cov | vz ss | ez 9p 95| os ser zot] €5z 65| 1’1 8z 90 v'r] oo | warmvo wwa]  wv3LINSOM Womom| e/Lt/TT| e
xsva a-p Maals {oToc |20 vz |9E0 @0 990 |8Ut vz o€ |8 s tfivo 5T |sto o NI sanpvo wing]  wIziawsw noson| ec/vi/it €
NITHIVO
asva 8-9 ma |oze | vz v [ ot t'v 9w | ez tor v3| ar ze] 8t 6€ | 50 A NI WANIVLNGD muvw vaserv| e/az/ot| ze
xsva 90 ma |sww ] e 6°¢ | vy 16 o'zt] z'wt 62z £gz| vty 16| 8z 9m| st ez| o w3t 10| wwozrav mowammd| sc/ev/on] e
Asva 9-9 ma |coe | 60 1z | toszrv w1 et se ee| 80 vul s0ozr] €0 vo N1 ¥ITHWVO 110f  wNozruv nowaaRo| ec/e1/0t| of
LisiveL [{siong Naamiaa)| aiis | (i) | 3ov X [ 35V RMOod  dn | 39V NMOd  dn | 45V XWW| dO¥ XWW | 3oV XWW
0 onzave N o | s (13 SMAAY XVH XYW | -MZAV  XWW  XVW | -¥3Av —u3AV -3aAv
S,0714 NOLIVIOT  (NOIZuOd|{-Itawe| (1) 123 (22 (1) (o) (caq)  |NordomaIa o
aqa1s NyaLs woa aAvan TI04 WoLla | Lissess 2dAL DN aLva  |gowaoa
NOLLVSLIANAd TASSAN WIMIXWN | 4 uc 50 SNOIZNOd SNOTMVA IV INANIAOW TNOLINAA (opnafrdey) SNOILOW TASSAA TassaA
(I ASVHJ)
SNOILOW JFAOW TIVOILAIA A0 XIVWWNS
qL 71994
- -~ - - - - - - - -

82




the data presented in Table 1, this information is listed

according to the order of the voyage number. Oscillatory
motions of pitch, roll and heave are presented in the table.
In addition, vertical excursions at various locations of inter-
est, namely the bow, the stern and the extreme beam side of
‘the ship are determined and given in the table. All motions
are presented in amplitude relative to the mean line. Two
values for each motion parameter were processed from the
measurements and are presented in the table; they are the
maximum and the average. The maximum value is the largest
amplitude in the data segment being processed, and the average
value is the arithmetic mean of all the peak amplitudes in the
same data segment. In order to show the effect of ship motion
on the bottom clearance, the downward and upward excursions

of the bow and stern motions are separately presented. The
vertical excursion on the portside, in general, is not equal
to that on the starboard side due to the phase shift between
heave and roll. Since this parameter is not considered as
critical as the bow and stern motions for a regular shape
vessel, only the maximum motions on-the portsides (upward or
downward) are presented.

The motions of bow, stern and side of these ships provide the
fundamental information for analysis of the channel depth
requirement. By considering the loading condition of each
vessel at transit, the maximum vertical vessel penetration over
the whole entrance channel on each voyage is also determined
and presented in the table. The maximum penetration is defined
as the maximum total immersion of a ship; it is determined by
summing up the maximum downward excursion with the local draft.
The difference of this value from the channel depth indicates
the minimum bottom clearance in a particular voyage. It is
clear that this maximum immersion or the minimum clearance

may occur at the bow, the stern,or the bilge keel of a ship.




Table 7 includes also the information on channel location where
the maximum motion or penetration occurred during each voyage.
This information is presented in terms of the location of the
buoys cutside the entrance channel. The distance between any
two neighboring buoys is approximately one nautical mile.

From this information, the critical water depth along the
channel can be examined, should a variable depth channel be
considered. For the same purpose, the variations of the motion
excursion along the whole channel length are detailed in Table
8.

For those readers who are interested in the basic motion data,
the time history, the vessel track, and the cumulative fre-
quency plots for the entire 53 voyages are included and given
in Appendix A.

7.2 VESSEL PENETRATION AND CHANNEL CLEARANCE

As part of the data acquisition for each voyage a copy of the
ship's fathometer record, during the transit through the
entrance channel, was made. It was hoped that these records
could be used to correlate and substantiate the computed ver-
tical vessel motions as the fathometer is intended to provide

a measure of the depth of water below keel. Although the
fathometer record is not truly a measure of the vertical vessel
motions, several interesting observations and comparisons can
be made with the computed vertical vessel motions and the
ship's trajectory plot through the channel.

Voyage No. 52 is an interesting case for consideration. The
ship trajectory plot is shown in Figure 14. The corresponding
fathometer and computed heave records are shown in Figure 15.
The fathometer record is compared to the heave record for this
voyage because the fathometer transducer was located near mid-
ship and therefore most nearly resembles the heave record.

The location of the ship relative to the channel buoys is
readily discernible from the ship trajectory plot and these
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TABLE 8b

MAXIMUM SHIP MOTIONS AT VARIOUS CHANNEL LOCATIONS

(PHASE II)
: ‘ TOTAL 7ESSEL
. oITCH, OEG. * HEAVE, FT. A0LL. DEG. PENETRATICN”, ST.
"IOCATION IN CHANNEL, ] ZOCATION IN CHANNEL, , LOCATION IN CHANNEL TOCATION IN CHANNEL,
VOYAGE.  BUOY TO BUOY |  BUOY TO BUOY | 500Y TO BUOY ; 3UOY TO BUOY
0. |24 4= 6-8 B8-10' 2«4 4=6 6-8 8-10. 2-4 4-6 -8 B8-101 2-4  d-5 5-3  8-10
30 {0.4 0.4 0.4 9.3 [1.4 1.4 14 L4 105 08 1. 1.2, 3.1  36.2 3.4  35.8
31027 2.7 2.8 2.5 17.8 9. 9.7 7.6 ! 6.0 4.5 8.4 2.8} 42.9 4.8 42.9  42.4
32 ,0.3 0.9 1.4 0.8 (1.9 2.3 2.6 2.2 ;3.6 3.7 3.9 4.5 36.3 37,7  41.00  37.10
33 919.2 0.4 0.2 0.2 (1.0 1.5 L.4 0.8 23 1.5 1.0 0.3 29.3* 30.1* 30.0* 29.3
4 1.4 1.3 1.4 0.95'5.9 5.3 S.I 43 13 3.0 2.7 1.0, 40.5 38.0  38.5  36.5
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8 | | |
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43 0.6 1.3 2.3 3.¢ (1.5 1.9 1.3 L.l | 2.3 2.3 2.7 2.6 28.5% 28.6% 27.5 % 27.5 *
W23 3.2 3.0 2.3 {55 6.2 5.2 5 1.2 2.3 3.2 2.0 7.3 383 38.8 2.3
35 92.7 0.8 2.5 2.3 (1.3 1.5 1.1 0.3 1.5 1.8 1.3 L.7: 35.1r  35.2%  36.3 * 34.5 *
36 2.8 1.5 1.5 1.2 |55 6.5 6.0 4.0 0.7 1.3 L.3 1.3 40.0  42.5  42.5 8.2
47 0.7 0.7 1.l 2.4 |1.3 1.3 1.9 3.8 1 2.0 2.2 5.6 2.3, 29.1 9.2 3.3 382
812 5.9 17 2.0 {22 1.9 3.3 33 133 45 5.0 3.4 384 3.8 39.6 9.0+
149 \
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50 1.2 1.6 1.2 1.l (2.1 3.6 2.1 1.9 10.0 13.3 10.5 9.0 39.54 40.4%¢ 37.3 * 37.5 °
52 01.2 2.4 1.6 1.6 3.5 5.9 3.8 3.0 . 3.3 6.2 7.1 6.01 4.0 49.3  42.3  19.5 -
53024 2.3 2.5 0.6 0.38 2.66 0.9 2781 1.2 L7 L7 L.3] 3220 31300 229+ it

" ’essel penetration refars =0 the bow unlegs otherwise indicated
* 3tern
** Side
Numbers with underline indicate the maximum penetration over the channel
L Vo data due <o aguipment Zsilure




pary

25 °ON IOVAOA HOJ 107d AHOLIIrvHL dIHS 1 3UNOIS

Ak e e

e R aa iy
ule
. 91
LHVLS
e e —= rt HABIARTE
CURIIY MY
TR Rl !
bob b, '
[ | LI I B | *
.I.|.|\/
/.\Il‘l iom,
ﬁo ;a ot g ar S

«Ts AONG
wZla
L
/ -0t wle
/,1!- |
..:..A e wbu
A
* HA L6
Ny SN N, L S /
RIS SRR Sianinan It Ig,
[HAIE o1 30y

ADUML ol TS N M AMEATA




10~

HEAVE vs. TIME
VOYAGE NO. 52
s
. l ‘ | |
3 R [
L |, i u; ;
w 0 it et el “ Ui ! h . ‘“\H ‘l_l i : | ' __ I
Rt I T TR it
w ' ’ 1
T |
~5 =
10 bt
8UQY 2 BUOY 4 BUOY 8 BUQY 8 %UOY 10
-
w
Ww
e
i
17}
W
b3
3
-
W
m
- 4
s
(7] .
a P
{ i ' g’} /
o0} ‘ v’ ' ¥ Ul
| { h
' FATHOMETER RECORD

VOYAGE NO. 52

FIGURE 15 — FATHOMETER AND HEAVE RECORDS FOR VOYAGE NO. 52

88




Rt b skt

RS T T

I
;
-
.
;
{
¢
‘
:
!

VU

locations have been superimposed on the fathometer and heave
records for reference. The ship trajectory plot with the
fathometer and heave records combine to form a three dimensional
plot of the ship track relative to the confines of the channel.

Based upon the computed vessel motions the maximum penetration
of 49.8 ft, at the bow, occurred approximately 9.5 minutes

into the voyage between buoy Nos. 4 and 6. The maximum penetra-
tion is clearly evident in both the fathometer and heave
records. In comparison to the Army Corps of Engineers project
depth of 48 ft for the Columbia River Entrance Channel, it
appears that the ship would have bottomed out. However, by
correlating the position of the ship in the channel at the

time of maximum penetration with a hydrographic survey made
near the time of the voyage, it was determined that the water
depth was actually around 54 ft. Additionally, the tidal stage
at the time of the crossing was + 3 ft, making the total water
depth approximately 57 ft. Assuming a water depth of 57 ft

and a penetration of 49.8 ft, the vessel still had a clearance
of 7.2 f¢t.

Based on the fathometer record the clearance under Keel at

the time of maximum penetration was around 18 ft. This is not
in contradiction with the clearance as determined above. The
first represents the clearance at the extreme bow while the
second represents the clearance near midships. The maximum
penetration based on the computed heave record is 5.8 ft of

heave plus 32.6 ft of draft for a total penetration of 38.4
ft. Near midships with a water depth of 57 ft, this trans-

lates to a midship clearance of 18.6 ft which is in good agree-
ment with that obtained from the fathometer record.

It is also interesting to look at the bottom profile shown

on the fathometer record. At buoy No. 2 the bottom has already
begun to rise sharply and continues to do so till a peak is
reached near buoy No. 4. The Columbia River bar can clearly be
seen between buoy Nos. 4 and 6. Typically, this is the region
where wave conditions are most severe as they tend to break

on the bar, especially when in conjunction with an ebb current.

89




emmh ’ A [ . ___A - ° . . .

.E
1)
! !
E
A similar analysis has been carried out for those voyages ’
' where the maximum penetration exceeded the Army Corps of E
Engineers project depth of 48 ft. Results of the analysis are d
presented in Table 9. Comparisons of the calculated with the
recorded under keel clearances show fairly good agreement for
' most of the voyages. Finally, the location of maximum vessel
penetration for each of these vovages has been superimposed
‘ on the channel outline as shown in Figure 16.
' 7.3 CORRELATION WITH CHARACTERISTIC VARIABLES
' Five variables are considered relevant to the study of vessel E
motions in the entrance channel: 1) ship characteristics, ¢
! R 2) wave conditions, 3) transit direction, 4) ship speed, and
. 5) tide. Some general remarks concerning the effect of these
. variables on the resulting motions can be summarized as follows:
f ' 1) Effect of Ship Characteristics. As discussed in Section
4.2, there were altogether 18 ships that participated in
the present phase of the program and these 18 ships are
categorized into four groups: tankers, containerships,
’ bulk carriers, and one auto carrier. The characteristics
of these ships, as shown in Table 2, are different among
groups or even within a group. Nevertheless, these ships
fall approximately into one length class.
J
Observations and results of measurements from the present
program indicate that the tankers appear to pitch slightly
more than the bulk carriers and containerships. Only one
» auto carrier was monitored in this measurement program. %
This ship is a relatively smaller one compared to others. ‘
Characteristically, it very much resembles the container-
ships. The containerships have finer lines at bow and
» stern and are definitely superior in terms of seakeeping
qualities. On the other hand, the tankers are the fullest
among the three groups of ships, and theoretically should
have a higher pitch response at least in the range of wave
’
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lengths encountered. In terms of vertical motions, there-
fore, the containerships seem to exhibit the smallest
response, the bulk carriers an intermediate response, and
the tankers the most pronounced response; the differences,
however, are small.

As to roll, observations indicate that the bulk carriers
and the auto carrier World Wing tend to roll more than
others. However, the sea conditions were generally calm
when their transits were recorded; significant correlations
between roll and ship characteristics are not apparent in
the data collected.

Effect of Wave Conditions. Both sea and swell were recorded
from visual observations, and the data have been presented
in Table 1. From these records, it is clear that swell

was the dominant source of excitation responsible for ves-
sel motions. Ship response is generally a function of wave
period and height. From Table 1 it is seen that the varia-
tion in period in the 53 recordings is minor, with a pre-
dominant range between 8 and 10 seconds. If the periocd
variation can be considered negligible, all motions should
be proportional to wave height according to linear, small

motion theory.

Observed wave heights range from 2 to 20 ft, as shown in
Table 1. For waves of these heights with an average period
of 9 seconds, the linear theoretical concept of ship motion
can be applied with no serious violations. Consequently,
motion variables normalized by wave amplitudes have been

analyzed and will be discussed later.

Effect of Transit Direction. The Columbia River Entrance
Channel has a northeast-southwest orientation. More pre-
cisely, the ideal inbound course in the channel would be
045° and the outbound would be 225°., 1In Table 1, one may
find that the directions of swell recorded in the 53 voy-

-yt
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ages are generally in the sector between northwest and

west. This also agrees with the long term swell statistics

discussed in Section 5. Consequently, the vessels typically
experienced quartering seas from the port stern for inbound

voyages and from the starboard bow for outbound voyages.

There is little difference in roll response for quartering
bow seas or quartering stern seas, but the differences in
pitch are sometimes significant. For a quartering bow sea,
the ship is running into the waves. Since the relative
velocity between the waves and the ship is higher than the
actual wave velocity, the period which the ship feels is
shorter than the wave period. On the other hand, a ship
in a quartering stern sea would feel a longer apparent
period. This period which the ship actually feels is
called the period of encounter.

The average period of swell is approximately 9 seconds, as
discussed earlier. The wave length is, therefore, on the
order of the length of the vessels or slightly shorter.
Over this range of wave length/ship length ratios, heave

motions are generally small, but pitch motions are normally
critical and sensitive to the ship encounter period or fre-
guency. In general, ships heading into waves (shorter

encounter period or higher encounter freguency) would have
higher responses than following waves. Consequently, for
the present case, it should be anticipated that the -

]
{

outbound voyages have higher vertical motion responses than
the inbound voyages. The encounter periods calculated with

respect to the observed wave periods are summarized in

Appendix I.

For those occasions when a northwesterly swell prevails,
there should be little significant difference in motion
responses between inbound or outbound voyages, as in either
transit direction a ship would experience a beam sea.

Under a beam sea condition, the roll motion may become
relatively more important, however. This is indeed shown
in data of Voyage Nos. 1, 6, 8, 11, 30, 42, 47, 50, 51,

and 52.
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4) Effect of Ship Speed. As shown in Table 3, over the 53 5
voyages, the average speed is approximately 12 knots for | ’
2 the tankers, 16 knots for the containerships, and 14 knots

for the bulk carriers. Variations from these average
values are at least partly due to the channel wave and tide
conditions.

Pitch and heave damping normally decreases as the ship
speed increases. It is common practice for a captain to
reduce speed in rough seas so as to minimize ship motions.
In the present case, it is anticipated that the pilot
would always order the ships at a normal cruising speed

when the channel conditions and the ship responses permit
doing so safely. Consequently the variation in speed is
governed by wave, tide, and motions, and the effect of
speed changes among those transits is not considered as
an independent variable.

5) Effect of Tide. As pointed out before, the predominant
wave condition at the entrance channel is a northwesterly
through westerly swell. For swells of this direction, an

ebb tide tends to steepen the wave front and sometimes
even causes it to break if the oncoming swell is sufficiently

vk e S

?'

high. A strong flood tide certainly could cause some steer-
ing problems for inbound vessels but the flood tide effect
on waves generally brings about favorable consequences, at
least in terms of vessel responses, as flood tide currents
lengthen a west-northwesterly swell in the entrance channel
and reduce the chance of breaking.

Short, steep and breaking waves are the major concerns in
channel crossings and hopefully can be avoided. Consequently,
a flood tide seems always a favorable choice over an ebb

tide irrespective of transit direction. Nevertheless, the
adverse effect of an ebb tide arises only when the oncoming
swell is significant. Observations during the present
program indicate that the direction of tidal currents is
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inconsequential when swells are less than 10 ft (signifi-

cant height).

It might be well to summarize here that among the five variables,
the first three, ship characteristics, wave conditions and transit
direction, primarily govern the vessel motions for the transit
over the Columbia River Entrance Channel. Variations in ship
speed are, in most cases, consequences of adverse sea condi-

tions and, therefore, not considered independent. The effects

of tides are generally not significant unless the sea is rough.

In order to examine the effects of these variables, measured

data on pitch and vertical motions are analyzed. Assuming the
linear procedure valid, motion variables normalized by the

encounter wave amplitude are considered as a fundamental basis

for comparison and analysis. Table 10 shows the normalized
pitch and vertical motions for the 53 recorded transits. The

vertical motion here implies the vertical excursion at the bow
or stern, whichever is larger. For both pitch and vertical

motions, the average values over each transit are considered

as the basis of comparison. The wave amplitudes are taken as |

one-half of the observed wave heights. Although the observed s
4 heights do not correspond to the average heights statistically, ‘
? this normalization does help to remove the effect of wave

f variations, and thus the normalized variables can be compared

on the basis of equal wave conditions. The normalized vertical

motion is a dimensionless quantity. This dimensionless vari-

able is commonly termed a response amplitude ratio, signifying

the ratio between the vessel response and the exciting waves.

Similarly, the normalized pitch can be a dimensionless guantity

if the amplitude of pitch is normalized by the wave slope, as

normally adopted by naval hydrodynamicists. In the present

case, however, since the variations in wave period are not con-

sidered significant, a simple normalization by wave amplitude

) is used for the angular pitch motion as well as for the vertical :
linear motions.
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Figure l17a shows for the 29 voyages of Phase I the variations
of pitch and vertical motions in terms of the normalized
parameters or the response amplitude ratios. Each individual
data point is identified with the vessel monitored in the
transit, the transit direction, and the tidal stage. These
plots show a definite indication that the outbound voyages
have higher motion responses than the inbound voyages. These
results seem to agree well with the anticipated results dis-
cussed in the foregoing. The plots also tend to indicate that
the containerships are the most seaworthy ships as compared

to the tankers and bulk carriers. No clear indication of tidal
effects on vessel motions can be drawn from the correlation,
however. This is primarily due to the fact that wave condi-
tions were too low to make tide effects significant in most
cases, as discussed earlier. Figure 17b shows the same nor-
malized parameters for the Phase II voyages. The results fur-
ther substantiate the conclusions made in the Phase I study.

7.4 STATISTICAL DISTRIBUTIONS

As discussed in Section 6, time history data for each record-
ing has been processed to obtain the cumulative frequency dia-
grams. These diagrams provide an immediate estimate of the
probability of responses exceeding a given value. For example,
the cumulative frequency diagrams for pitch, roll, heave and
bow excursions for Voyage No. 9 have been shown in Figure 13,
and under the particular sea conditions encountered in Voyage
No. 9, the probability of the pitch amplitude of that

particular ship (Chevron Washington) exceeding one degree is ﬂ
shown to be 42%.

As was also discussed in Section 6, on the basis of experimental
evidence [7], the distribution of vessel responses can be

approximated by the Rayleigh distribution if the environmental

and operational conditions remain uniform throughout the (
period under consideration. The portion of concern in the i
entrance channel is 3 nautical miles and the normal transit |
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duration for those ships under consideration is about 20 min-
utes. During this short distance and short duration, no sig-
nificant changes in sea, tide and wind conditions are antici-
pated. Assuming further that the ship speed remains uniform
during the transit, the statistics of the Rayleigh distribu-
tion are anticipated to be applicable to the analysis of the

present data.

It is known that the Rayleigh distribution is a one parameter
distribution defined by the mean square of the variate, E, as
described in Equation (6). After the value of E is processed
for a given sample, the theoretical distribution is immediately
defined, to which the histogram of the measured sample can be
compared. Sample histograms and theoretical Rayleigh distri-
bution for pitch, roll, heave and bow excursion for Voyage

No. 1 are shown in Figure 18.

In order to test the validity of the hypothesis, the method of
the Chi-square test is normally applied. Since the cumulative

probability of the Rayleigh distribution is given by

P(x;) = l—e-XiZ/E
as shown in Equation (8), the probability of exceedance l-P(xi),
can be plotted against the variable (xi/xrms)2 as a straight
line on a semi-logarithmic paper. Consequently, if the measured
sample is Rayleigh distributed, the sample distribution must
follow closely with the theoretical straight line. It is con-
sidered that the latter method is much simpler than the Chi-
square test, so tests of significance by the latter method

are applied for several tyvical cases.

Figure 19 shows the tests performed for Voyage Nos. 1, 7, 15,
and 23. These voyages are selected to represent various ship
groups; for instance, Voyage No. 1 a tanker, No. 7 a bulk
carrier and No. 23 a container ship. Voyage No. 15 represents
a smaller tanker and the roughest sea conditions recorded dur-
ing the period of the field program. From these plots it is
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seen that the measured data fall well within the 90 percent

confidence limits. It appears evident, at least for those
voyages tested, that there are no significant contradictions
to the hypothesis that the measured data are samples from a

Rayleigh distribution.

The tests of significance are not applied separately to each
of the 53 voyages. Instead, assuming that all the measured
data are samples from a Rayleigh distribution, the average and
the highest measured values are compared with those predicted
by the statistical theory. It is known that the average and
the largest probable values are each related to the rms value

of a Rayleigh distribution by a constant, as shown below [13]:

average amplitude = 0.886 X.ns

most probable maximum amplitude in

N oscillations = (log N)lj X s
Table lla gives the compariscon of predicted and measured values
of a number of parameters for the Phase I voyages. Whereas
discrepancies exist in some cases, 1n general there appears
to be satisfactory agreement between measured and predicted
values. Similar results are indicated in the Phase II analysis

as shown in Table 1l1lb.

The preceding analysis provides a preliminary foundation that,
for any given set of steady conditions, the vessel motions over
the entrance channel are distributed in general accordance with
the Rayleigh law of distribution. On this basis, motions can
be predicted with a high degree of confidence if the rms values
of various motion parameters are known for a ship under a given
condition. Since analysis of this kind would involve a number
of different ships and a great number of sea conditions, the
utilization of analytical or experimental studies to system-
atically investigate the rms motion variations will be of great

value to the long range program of the present study effort.
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Whereas the individual transits are shown to follow the Rayleigh
distribution, it is desirable to know if any particular pattern
in long term statistics can he derived from the measured data,
so that a statistical prediction can be made for a wide variety
of conditions. For this purpose, each distributioh of the
measurements is weighted in accordance with the probability

of sea conditions that may occur in the area so as to construct
the long term distribution patterns of vessel motions applicable
to the Columbia River Entrance Channel. 1In the following, the
Phase I data are first discussed and then an analysis of the
combined Phase I and Phase II data is presented.

As discussed in previous sections, the wave conditions observed
are mainly due to long period swells. Local wind generated
seas have rarely shown to be as important as swells in all of
the 53 voyages. Consequently, only the swell height and
direction are considered here. The annual height and direction
distributions of swell in this area have been compiled by
National Marine Consultants [11] and have been shown in Figures
8 and 10. According to these distributions, wave heights and
directions are classified into several categories and the

joint probabilities of occurrence are determined. The results
are summarized below.

These joint probabilities represent the fractions of time that
specified ranges of swell (heights and directions) will be

. experienced in the entrance channel region. Weighting the dis-

tribution of each individual transit by the appropriate factor,
the long term distribution pattern of the vertical vessel excur-

sions based upon the Phase I data is calculated and tabulated
in Table 12.

It should be noted that the probability distribution of each
transit is normalized by the number of variations correspond-
ing to a constant distance of transit between buoy Nos. 2 and 8.
The actual sampling numbers correspond to different distances
and different locations of beginning and ending. To obtain

the number of variations which would have been recorded for a
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Characteristic Wave Height [ ‘
ft !
Sl H |
birection | 0-3 3-5 5-7 7-9 | 9-15 | >15 ' TotalJ
NNW 1.78| 1.19 | 0.57 | 0.25 | 0.22 | 0.05| 4.06 |
NW 13.78 | 9.21 | 4.44 | 1.96 | 1.70 | 0.41 } 31.49 |
WNW 14.40 | 9.62 | 4.64 | 2.05 | 1.77 | 0.43 | 32.91‘
W 9.05| 6.05 | 2.92 | 1.29 | 1.12 | 0.27  20.69 |
WSW 2.84 | 1.89 | 0.91 | 0.40 | 0.35 | 0.08 | 6.48
swW 1.26 | 0.85 | 0.41 | 0.18 | 0.16 | 0.04 . 2.89 |
SSW 0.22| 0.15 | 0.07 | 0.03 | 0.03 | 0.01| 0.50 | :
s 0.39 | 0.26 | 0.13 | 0.06 | 0.05 | 0.01| 0.50 1
SSE 0.04 | 0.02 0.01 | -- -- | -- | 0.08
TOTAL | 43.76 | 29.24 | 14.09 | 6.22 | 5.39 i 1.3oAL}oo |

standardized transit, the sampled numbers are proportionally
adjusted according to the ratio of the distance between buoy Nos.

2 and 8 and the distance used in sampling.

The last line in the table is obtained by summing up, for each
tabulated magnitude of variation, the products of the exceedance
probability and the average number of variations attributed

to each transit and then dividing by the total average number
of variations on 29 transits combined. The results, which
reflect the weighting due to wave distribution as well as the
normalization according to the transit distance, thus repre-
sent derived values for a long term distribution. The values
are plotted on a log-probability chart and shown in Figure 20.
The good fit of the plotted points to a straight line suggests
that the measured data can be approximated by a log-normal
distribution. (The straight line is not an arbitrary fit but
is actually computed from the plotted points as shown in Table
13).
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TABLE 13

COMPUTATION FOR FITTING A THEORETICAL LOG-NORMAL DISTRIBUTION

TO MEASURED DATA ON VERTICAL VESSEL EXCURSIONS
(PHASE I DATA)

standard deviation of h

mean value of h =

mean value of x =

= 0.6145
2(Nn)

-1.865*%, q(z) = .5163*

INh

L 2B =0
s N .qlz) 0.2815

-zs = 0.525
3.35 €t

PERCENTAGE
OF
LOGic x VARIATION
CLASS OF AT END CENTER FALLING
VERTICAL OF CLASS OF CLASS WITHIN
EXCURSION INTERVAL  INTERVAL 5 CLASS , '
fr h h N Nh™ Nh
X
1.0 0. .1989 .0396 23.5 0.9306 4.6742
2.5 0.3979 .5485 -3009 33.8 10.1700 18.539
5.0 0.6990 .7871 -6195 13.5 8.3633 10.626
7.5 0.8751 -9376 -8791 6.8 5.9779  6.3757
10. 1.0000 1.0485 1.0994 1.9 2.0889  2.1902
12.5 1.0969 1.1365 1.2916 0.9 1.1624  1.0229
1s. 1.1761 1.2090 1.4631 0.5 .7316 .6045
17.5 1.2430 1.2720 1.€180 0.1 .1618 .1272
20. 1.3010
I = 81.0 29.5865 44.1597
mh2~m

*Reference [)4]
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The preceding analysis alsc suggests that long term predic-
tions of vertical excursions could be approximated by a log-
normal distribution with a high degree of success. 1In fact,
Figure 20 shows that there should be only one per cent of
probability, on the average, that the vertical excursion (bow
or stern) would exceed 15 ft. It should be noted, however,
that due to the limited number of measured data, the analysis
presented above does not reflect any differences between vari-
ous types of vessels. In other words, all ships have been con-
sidered identical in the long term statistical analysis.

As indicated earlier, the foregoing analysis was based upon

the Phase I data and thus the statistical distribution developed
pertains to the environmental conditions that the data repre-
sents. In order to extend the data base, an analysis based

upon the combined data of Phase I and Phase II is conducted.
Similar to Table 12, the calculation of the distribution
pattern for the combined data is presented in Table 1l4. The
results indicate again that a good approximation by log-normal
distribution to the measured data can be made as shown in
Figure 21. As compared with the Phase I results presented in
Figure 20 (shown as a dotted line in Figure 21), the proba-
bility distribution is slightly higher at the lower amplitudes
but fairly close at the higher motion amplitudes. For instance,
the propnability of the vertical excursion to exceed 15 ft is
again on the order of one percent. Consequently, the Phase

IT data seem to confirm the Phase I results developed pre-
viously.

7.5 EXTREME VALUE DISTRIBUTIONS

The previous analysis demonstrates that ship motions in the
channel follow very closely the basic pattern of logarithmical-
normal distribution. It should he understood, however, that

the long term probability is derived based upon the duration

of all transits over the interval between buoy Nos. 2 and 8, and
the cumulative distribution function so obtained must also be
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TABLE 14

CALCULATION OF DISTRIBUTION PATTERN FOR VARIATIONS
IN VERTICAL VESSEL EXCURSIONS
(PHASE I AND II)

AVERAGE
JBSERVED WAVE HEIGHT \:f:::l:;‘ NUMBER OF PROBABILITY OF EXCEEDING SAMPLED H)O:XQI
WAVE AND DIRECTION . VARIATIONS . SIVEN MAGHITUDE OF VARIATION X IN FT (FROM SAMPLE) NUMBER OF
HEISHT WEIGHTING: PER STAN- ATTRIBUTED. L3 TARIATIONS MAXINIM  VOYAGE
CLASS SWRLL sEA FACTOR D:BDIZED 0 TACH YARIATION ™ SAOLE VERTICAL NUNBER
ey £ TRANSIT TRANSIT ‘fey MOTION
DIRECTION - HRIGNT (FT) DIRECTION!HEXGHT (FT). o £ 1.0 2.5 5.0 7.5 10.C 12.5/15.2:17.5 20.! n suip
-3 w SLIGHT™ st 1 .91 M 21.20 58.7 331 21 233 om il
. SLIGMT® E 4 SLIGHT THOP ' L144 178 5.04 60.3 3.0 #C 20w T
wswW i-3 " *SLIGHT CHOP! .28 203 , 5.7 3.0 $1.5 .8 Fi) L o] 4
e o4 ' L] SLIGHT CHOP' Sl44 257 1721 36,0 1.3 .. 187 O h
« -3 “ SLIGNT “HOP' .J91 303 27,87 4.5 46.) s 1) som 2
] 2-4 E SLIGHT CROP!' L2911 177 6.15 49.5 4.0 . .83 STERN L3
w 2-4 £ 1-2 L3 237 i1.57 40,0 2.3 | .37 Ll 3
5% 3-4 st =2 L9202 143 2.2 5.7 4.3 i.d 4' LT o~ o5
t
1-5 w 4 ane SLIGHT CHOP e T} 2 13.38 7.2 49.2 J.e | .3 .8 BOW i
3% 3-5 - SLIGHT CHOP 208 137 2.39 41.5 A3 1.2 197 som 4
L] 5 NE -2 92 125 20.70 .3 T4 2.0 B2 LS 4.7 193 BOM 5
o 1-6 - SLIGHT CHOP .06l 194 i1.84 o 2.3 4T il %8 [ ] i
-~ 4-6 - CALM 092 238 21.96 86,3 56.2 4.9 1.0 34 T2 »ow -
.y -6 wa SLIGHT THOP 296 le 29.7 69.4 6.0 14.0 1.4 7.8 3.3 153 STERN .8
L] -6 3 SLIGHT WoP J6 .25 T.50 6.3 39.5 v 23 26 =~ P
N 16 -_ ZALM 30 BL3 ) 21.78 3.2 "5.8 46.2 26.) 5.8 ..2 ] 156 BOw 9
E s s i-2 292 67 33.% 51.2 8.3 .6 N3 sow 13
L] 45 £ 2-) .8l 367 2.39 6.5 2.5 .3 167 STERN .9
* 4-5 1 2-3 21 a7 4.9 t1.2 19.3 P L STERM 45
E 4-6 E 2-4 309 38 3.80 ”.: .. HB.3 40.3 12.8 1.7 1.3 2.0 c 4 5 20w 40
o 4-5 3 i3] .61 Iy
3-7 - ) - ALK 48 1989 32, o8.4 412 12.% 48 @ $.i .89 o™
wsw & 3t SLIGHT CwoP 08 L8 P 43..  me .8 KT v
39W a 5 SLIGHT THOP ' T .96 63,2 4.0 . e . e ]
“ 5 » 1-2 227 247 .o Al 450 135 ) LI Y (%]
" ® £ -3 .03 we #3.2 s Bt LS EP ed aow .
w 5 -~ 2.4 L4 17 *S.e si.e 15,3 5.3 .4 L s (33 .
3 o8 weh SLIGHT ZHOP .04 141 4.5 15.¢8 . 8 . T au ot
“ 5-8 - SLIGHT CMOP .029 148 .6 6.0 15.1 IR - o id
- 6-8 - SLIGHT “HOP ' .46 164 5.2 3.5 B o3 Yl STERN a
3w 68 ENE i-2 04 i32 4.5 38.. 58,5 41.0 190 4.2 2 LR e 0w i
o 58 se 4 329 228 1.2 3.8 ) b 4 e =
“ 6-8 —_ SLIGHT ~MOP ' 129 49 3%.3 6.3 2.3 " 43 STERM 4
K 6-8 z 1-2 . U46 ia3 .2 i.é 2.5 ) ) v 4"
. - 6-8 E ) | 2-4 46 79 0.9 6.5 22.5 L ] .5 H -9l [ o] N
- -8 - i-4 244 244 W.. 3.3 7S.B 450 10y s8Il PR 8.2 Jat =
AET IR SLIGHT 5 01 8"
am 3-13 - 320 L1 ).44 .3 CIE ) 4 1 L sow
w 8-10 —_ BR}S) £29 .38 3., 335 A6.1 "It nd.l 431 2. 1154 . [N .5 »ow B
- -1l ~ a2 %4 AR 3. 38.% 6. S8 121 8.6 iU 4.4 . 4. LS R
v 3 SSE 302 HE 4 [P T | LTUL S N S I ) h xw ‘
aet 310 w L 136 » 2t 24) D 32, ek TN B . Y o -
e 3-12 E 328 <65 3.3 0. nl.d 3. LI P 4 e LN .
=15 o p] - ZALN .36 159 37 I 4TS lloe L3 L4 i LIRS - nh ES Ll
L 10 ENE SLIGHT CHOP 2 L8 4. 58 2 2.0 % EPRS . ol = -
“ i 4 SLIGHT “HOP 224 182 a2.: i1 3.9 s s (S -
L i0-12 - 2-4 236 48 N A% . a2 M T o - - i (3] .
il 10-12 ™ SLIGHT THOP ™ )04 158 L I S O N : L] N
- 10-12 b1 SLIGNT CHOP 16 52 8. »5.5 1), 18 4.5 T AL L]
“ i0-1% wsw be? 304 167 L M5 35.8 ‘8 34 a4 . D R} EN i o™ a4
- i2-i8 SSE 2-3 212 191 489 L [N 80.. 6.6 3% 1.4.00 LIRS BN o e STERN ..
»18 “ i5-18 ESE  ISLIGHT ~HOP @ 304 290 Y ".. 497 32,0 A8.B 1.1 )T 1iY 4 L.iv e .. s STERN 3
w 17-40 “ | N 04 1686 r T4 noL LA b L IR IR I A e LBy STERN H
Number S variations exceeding jiven .evel 18771 G 8T Lil.d) AR 40 34 & Ade -° ' NETEEE
Percentage of variations axceeding liven lavel A I T U RO I f 4 TN
Yo data due to equipment fallure

* Accurate sbservation precluded by darkness
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interpreted on the same basis. For instance, as has been con-
cluded, on the average the probability of the vertical ship
excursion to exceed 15 ft over the entrance channel is less
than 1%. This 1% exceedance probability is applied to the
total of all the transits of the classes of ships considered
over a long period of time. For a particular transit, however,
the probability of occurrence of 15 ft excursion is not defin-
itely known before the environmental condition is exactly
defined; it may be much higher or lower than 1% or simply may
not even exist. It is often not necessary to know how long

a prescribed level of motion would last, but more desirable

to know what is the largest value of ship excursion which may
occur during a single transit and how frequent in terms of
voyages this largest value would occur. For this purpose, the

analysis of extreme value distribution is required.

It is known [15] that if the underlying distribution is normal
or logarithmically normal, the largest values in repeated
samples from this distribution would have a cumulative dis-
tribution of their own. As the number of samples becomes
large, the cumulative distribution function of the largest
values will approach asymptomatically to the form

P(x) = exp [-e Y] (23)

where y = a(h-Db), the reduced vuiriate, and h = logx 1f the
underlying distribution is loga:'ithmically normal. The variate
X 1s a possible value of the extreme of the sampled variable,
and a and b are constants for a »articular distribution. The
determination of these constants based upon the distribution

of extremes obtained from measurerents has been discussed 1n
(15].

The application of this method to the extreme vertical motions
measured over the 29 transits of Phase I is shown in Table 15

and the resulting extreme value distribution 1s plotted 1in Fig-
ure 2. Inspection of this figure shows that, for the environ-

mental conditions encountered, the extreme value distributicn
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TABLE 15
COMPUTATION FOR FITTING A THEORETICAL EXTREME VALUE DISTRIBUTION
TO MEASURED DATA ON VERTICAL VESSEL EXCURSIONS
* (PHASE I DATA)
EXTREME NUMBER P (x)
DOWNWARD OF VOYAGE
EXCURSION logigox OBSERVATIONS RANK m _ NUMBER
ft h n m N+1 |h-h|  (h-h)?
X
+
3.9 .5911 1 1 .033 .4066 .1653 26
4.2 .6232 1 2 .067 .3745 .1402 17
4.3 .6335 1 3 .1 .3642 .1326 24
, 4.4 .6435 1 4 <133 .3542 .1254 25
) 5.7 .7559 1 5 .167 .2418 .0585 3
6.2 .7924 1 6 .2 .2053 .0421 12 )
6.9 .8388 2 7.48 .249 .1589 .0252 13,27 .
7.0 .8451 1 9 .3 .1526 .0233 6 .
7.6 .8808 1 10 .333 .1169 .0137 20 |y
7.7 .8865 1 11 .367 L1112 .0124 18
) 8.1 .9085 3 12.96 .432 .0892 .0080 4,7,23
10.4 1.0170 1 15 .5 .0193 -0004 2
10.6 1.0253 1 16 .533 .0276 .0008 11
11.7 1.0682 1 17 .567 .0705 .0050 22
11.8 1.0719 1 18 .6 .0742 .0055 5
12.0 1.0792 1 19 .633 .0815 .0066 28
' 12.3 1.0899 1 20 .667 .0922 .0085 21
13.9 1.1430 1 21 .7 .1453 .0211 9
15.0 1.1761 1 22 .733 .1784 .0318 10
15.2 1.1818 1 23 .767 .1841 .0339 29
17.0 1.2304 1 24 .8 .2327 .0542 1
20.3 1.275 1 2 .833 .3098 .0960 8
3 21.9 1.3404 1 26 .867 .3427 .1175 15
22.0 1.3424 1 27 .9 . 3447 .1188 14
24.8 1.3945 1 28 .933 .3968 .1575 19
25.7 1.4099 1 29 .967 .4122 .1700 16
Z=28.9326 2=1.6155
4
= 02 Ixpeszed average and standard leviacion
3¢ reduced variate - 3r a Iiven M*:
cser-red averade: -
tserred j-anzarl ieviatni.n : o8
- H i
<. L
des L. L - 8.7

*Reference . .5
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of the vertical vessel excursions can be fairly well repre-
sented by the distribution as described by Egquation (23).
Similarly, based on the Phase I data the extreme value dis-
tribution of vessel penetration is computed in Table 16 and
plotted in Figure 23. Again, a good fit of the assumed dis-

tribution to the data is observed.

On the right side of Figures 22 and 23, a variable T =
1/{(1 - P) is introduced. This variable T denotes the average
number of transits required in any one year period in order

to exceed a particular value of the variate x.

Application of the same method to the total 51 recordings
obtained from the 53 transits of the entire study is

presented in Table 17 and the distribution to best fit these
data is shown in Figure 24. The distribution fit for the Phase
I data only is also included in this figure. Comparison of
these two distribution functions indicates that there is no
significant difference in large motions between these data.
For instance, under the data bases of either the Phase I study
or the study of Phases I and II combined, the result shows
that there is a 90% probability that a given transit may
experience up to a 22-23 ft vertical excursion. This is
equivalent to saying that the probability to exceed a 22-23

ft vertical excursion is 10%; or, on the average, there is
only one out of ten transits that may experience vertical

excursions up to such a level.

The above discussion is based upon the assumption that the
extreme value distribution for the data of interest follows

the analytical form of equation (23). Indeed, through inspec-
tion, the assumed distribution fits fairly well to the measured
data. In order to demonstrate more rigorously that the

assumed form of distribution of extremes holds, however, con-
fidence bands are determined with respect to the sample popu-
lation to evaluate the degree of scatter that may be expected

with the hypothesis. A 90% confidence limit curve 1is plotted
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TABLE 16
COMPUTATION FOR FITTING A THEORETICAL EXTREME VALUE DISTRIBUTION
TO MEASURED DATA ON VESSEL PENETRATION
(PHASE I DATA) 1
* NUMBER P (x)
MAXIMUM OF VOYAGE }
PENETRATION logjpx OBSERVATIONS RANK — m_ - _ NUMBER 4
ft h n m N+1 lh=h{ (h-h)?
X
& 29.3 1.4669 1 1 .033 .1335 .0178 3
31.3 1.4955 1 2 . 067 .1049 .0118 4
' 32.5 1.5119 1 3 .1 .0885 .0078 17
‘ 33.1 1.5198 1 4 .133 . 0806 .0065 11
o 33.3 1.5224 1 5 .1e7 .0780 .0061 6
: 33.7 1.5276 1 6 .2 .0728 .0053 12
¢ 33.8 1.5289 1 7 .233 .0715 .0051 24
1 34.0 1.5315 1 8 .267 .0689 .0048 26
- 35.9 1.5551 1 9 .3 .0453 .0021 7
: 36.1 1.5575 1 10 .333 .0429 .0018 27
36.6 1.5635 1 11 .367 .0369 .0014 20
37.6 1.5752 1 12 .4 .0252 .0006 25
¢ 37.7 1.5763 1 13 .433 .0241 .0006 18
) 38.3 1.5832 1 14 .467 .0172 .0003 28
; 38.5 1.5855 1 15 .5 .0149 .0002 29
40.2 1.6042 1 16 .533 .0038 0 22
40.3 1.6053 1 17 .567 .004° 0 13
40.7 1.609%6 1 18 .6 .0092 .0001 23
b 40.9 1.6117 1 19 .633 .0113 .0001 3
N 41.1 1.6138 1 20 .667 .0134 .0002 21
43.8 1.6415 1 21 .7 .0411 . 0017 2
46.3 1.6656 2 22.149 .75 .0652 .0042 5,14
48.2 1.6830 1 24 .8 .0826 .0068 16
49.5 1.6946 1 25 .833 .0942 .0089 1
’ 51.2 1.7093 1 26 .867  .1089  .0119 15
53.1 1.7251 1 27 .9 .1247 .0155 8
53.9 1.7316 1 28 .933 L1312 .0172 16
56.3 1.7505 1 29 . 967 .1501 .0225 12
I =46.4123 Z=.1647
»
o= 2 Zxpected iaverage and standard aieviaticon
5f reduced variate » Ir 3 Jiven N":
Sbservad average: -
. . Y, o= 2.5353
R Tf = L.5004 :
§ M T, o= 1.1086
i lbserved standard Zleviacion:
. N %‘_‘h"‘"“;’l': a7t 3= % SRAERES
- =i _ F
5w o- oL zsn

tRafornnce [15])
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TABLE 17
} COMPUTATION FOR FITTING A THEORETICAL EXTREME VALUE
DISTRIBUTION TO MEASURED DATA ON VERTICAL VESSEL EXCURSIONS
(PHASE I AND PHASE II DATA COMBINED)
SXTREME NUMBER 2ix) | ; I
DOWNWARD - OF T ' VGYAGE
EXCURSION log, X  OBSERVATICNS RANK | m - 5  V2MBER
» e o n .} N+1L a=n, (ne=n)
X
2.1 3222 b i 13 .81l .2833 32
2.4 3802 b z s L3861l .3.48 33
3.0 4771 M 3 .353 L4842 L2133 33
< 3.3 3441 b 3 LOTT L3972 1573 3
3.9 .3911 2 5.47 135 .3502 L1226 26,37
[ ] 3.1 5128 1 7 135 3285 1273 41
4.2 8232 1 3 154 .3i8l .12 17
i 4.3 5335 2 3.49 133 .3078 .3942 24,43
: 4.4 5435 1 i1 212 .2973 .3887 25
1.7 5721 L L2 231 .26932 3725 36
4.3 .8812 2 13.49 253 L2501 L8TT 42,45
5.7 7553 1 13 288 .1354 L3344 3
5.2 7924 1 16 308  .1439 J222 w2
» 6.3 7393 1 7 327 14290 3202 47
6.3 3358 z 18.49  .336  .l1023 L2105 13,27
7.2 3451 1 20 235 2962 2093 ié
7.6 .3808 1 21 .404  .0605 .2037 20
7.7 3865 L o2z 123 0548 5930 12
3.1 3083 3 23.98 .48l .0328 .J011  4,7.23
’ 9.0 3542 1 26 50 2129 2002 - 31
g 3.6 3823 1 27 513 ¢ .2410 3017 - 48
) 0.1 1.3043 L 23 538 2630 2040 32
: 3.4 1.917 i 29 .338 3757 2057 2
0.5 1.2253 b 30 .377 2840 071 b
il.7 1.2632 L 2 .336 1263 L2161 2
11.3 1,071 1 32 .515 1306 st 3
12.3 1.3792 L 33 535 1379 L3130 2
12.2 1.2899 1 24 .554 1486 L3221 e
L3.3 1.2303 L 3 .573 1390 . 3357 33
: [ 3 13.3 1.1430 1 16 L5932 oLt L2407 3
3 1420 L.u461 L 7 .72 204 . 0413 38
3 4.4 L.1584 N 18 L73L 2173 .24TL 13
1 15.0 1.1761 b 2 .752 2343 L2851 w2
3 15.2 1.1318 : 4c 753 .2405  .2573 23
A 15.3 1287 L 31 ."88 2574 2663 42
! 15.4 1.2201 L : .38 .2738 .37t 34
f 7.2 1.2304 b 43 .az7 2391 L2838 .
: » 13.1 1.2577 L 14 346 3164 1201 sz
; 3.3 L.267 L 45 .383 3252 162 E
: 1%.3 1.3073 b 16 .333 3662 1341 3
213 1.248 L 47 304 2331 1523 23
! 12.3 L.3424 . 33 L322 010 1853
22.2 1.3598 . 4 . 342 4183 P-9Y
24.3 1.3945 - 53 L4532 L2351 2058
5.7 1.4099 L E .4638  .2196 1126 L5
’ I = 43.3065 I = 3.2871
. ¥ =51 Expected average and standard deviation

of reduced variate y for a given N*:
Observed average:

- Yy, = 0.3489
= S N
¥ g 1.1623
¢ Observed standard deviation: :
b
oy 271 =
s = [a{l;-l;) }2 = .2824 a= 3 -4.1.158

b=t -e 3079
a

Best fit: y » 4.1158(h - .8079)
, *Reference [15]
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on each side of the assumed distribution line as shown in
Figure 24. Inasmuch as the scatter of the data lies well
within these limits, the assumed form of distribution can be
regarded as acceptable.

The combined data of the maximum penetration for Phase I and
Phase IT are analyzed and presented in Table 18 and Figure 25.
On the average, the combined data indicate that the maximum
penetration is slightly lower than that deduced from Phase I
data. This is definitely the consequence of the differences
exhibited in the two data bases due to the variation of ships,
environments and many other minor factors. On the basis that
the differences are small in both the underlying and the
extreme value distributions, it is concluded that there is no
significant difference between the Phase I and Phase II data,
and the distributions derived from the combined data are
probably representative for the project.

As also noted, the river entrance conditions were extremely
mild during the Phase I study as evidenced by the number of
bar closings during that period. Although the environmental
conditions during the Phase II period were slightly more
severe, based on the same evidence of bar closings, the motion
response data obtained in Phase II are not as severe as those
in Phase I as demonstrated in the foregoing. This is pos-
sible because the ships were randomly monitored on a conveni-
ent scheduling basis which had nothing to do with the weather
conditions. Nevertheless, the statistical conclusions deduced
from the measurements are probably credible even for relatively
more severe seasons. Although the probability of exceedance
for motions would increase during a severe season, neither the
maximum motions would increase nor would the cumulative proba-
bility change significantly for the extremes. This is pri-
marily due to the fact that bar closures limit the severity

of environmental ccnditions that can be encountered. Thus

the initial design criteria can be deduced from the existing
data base even though it is based on mild winter conditions.
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TABLE 18
COMPUTATION FOR FITTING A THEORETICAL EXTREME VALUE
DISTRIBUTION TO MEASURED DATA ON VESSEL PENETRATION
(PHASE I AND PHASE II DATA COMBINED)
' i 3E
i MUMBER ‘ |
MAXIMUM : oF , Bix) VIYASE
PENETRATISN  log,,x  OBSERVATICHS RANK = . . HUMBER
i L a n N+L nen {a=R)C
<
5.3 1.4232 L X si3z L34l 1253 :
Y 8.3 1.4364 b N >335 133 SRRl %3
13.3 1.3689 N 3 357 L4 bR 3
.. 1.4786 1 “ 3753 18T RS 32
3.2 1.4955 ! 5 .98z 213 3284 .'
3L.3 1.3024 L 3 ..l34 1343 st i
4 3204 1.5138 1 T 1348 .i7a8 tas3 il
. 3.3 1.5119 N 3 .i3318  .2754 .zo3T T
o 3. L.5138 2 .23 .1323 .3675  .3246 11,33
» 12.3 1.3224 x 1l L2113 L2649 3042 3
3.7 1.3276 . 2 1305 L3597 .30 L r
11.3 1.5239 i 13 2500 . .2584 .333s 24
4. L.3313 1 il 2632 ' .3353 .03 2%
5.5 1.5514 1 L5 2885 ¢ .3359  .ICL3 iz :
5.3 1.35539 11 5 2077 .9334 .01l 2
5.9 1.5551 i e 3263 1 .3322 | .:cl2 -
36.3 1.5563 L 13 3462 ¢ L0310 - .3CL0 33
) 36.L 1.5575 . 13 L2650 ' .0298 © .20C% b
36.3 1.3399 2 20,49 .3940 | L0274 .:508  1I.:if
6.5 1.5835 . . 2 4231 023 .20C8 2
) 7.3 1.5717 L 23 4423 3156 L3302 i3
! 7.4 1.5729 . b 4515 . 3144 . .Z2cc2 5
37.5 1.5752 L 13 L3308 s12 Lsesn 2z
: 37.7 1.3763 1 2 L7000 s 51 13 !
{ 38.3 1.5832 b 2T 332 ac40 . L3623 13 :
[ 38.5 1.38535 ° L 23 .3.15 o013 .lio¢ hE) ;
38.9 1.5399 | : 12003507 .26 L% 34 f
40.3 1.5021 i 3T L3759 0 .3l48 .occ 43 i
$0.2 1.5042 | - 31 .3262 0 L3183 L1003 2 ! i
4.3 1.5053 | b 32 L5134 .318C .32:2 .3 0l
10.5 L.5075 . 33 L3345 L2202 i 14 .
33.7 1.5096 L & L5538 L2223 2228 23 | ]
-8 50.2 1.8117 ! L 15 L5731 L3144 E b
; » 1. 1.5138 L 35 L6211 .3285 B L |
§ 42.2 1.5253 : 3T .Tils L338¢ il i1 I ’
i 42.5 1.5294 : 33 .T308 L2425 .03 i3 \
! 3.2 1.6335 : 1% .75C0 2462 PIohN i3 |
: 43.3 1.6415 1 49 L7832 .2542 pl)-F] z
34.3 1.5513 b il 7385 L2640 BRADY 1 L
$6.2 1.5655 : 42.306 .3172 L2783 51 ERR ]
48.:2 1.8830 i 45 L3482 L2987 32 13 {
» 4.2 1.5920 i 45 3634 134T : KM P
2.3 L.5946 . 16 .3846 3 3 i ‘
i9.3 1.5972 i 3T L3038 3z ;
51,2 1.7193 L 38 .23 3 v
33,1 L.728L L 42 L3423 3 .
33.2 1.731% R 35 L3813 N
26.2 1.7505 _ 31 .23c8 iz
» 1= 30,3535 D=3

N = 51 Expectad average and standard deviation .
of reduced variate y for a gaven N": Cy
Observed average: ;“ - 0.5489 "

fe<2=1.5873
¥ 3y = 1.1623

Observed standard deviation:

- 271 3
s -[2—“-’;5'111—]7 = .0750 a e Neisieem

D eh - = 1.5519

.'z\‘l

Best fit: y = 15.4973(h - 1.5519) i

) *Reference [15]
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HORIZONTAL SHIP EXCURSIONS

8.1 VESSEL TRACKS

The ship track plots for all the voyages except Nos. 3, 8, 14
* 25, 41, 45 and 49 are given in Appendix A. For those voyages
listed above, the vessel tracks were unobtainable due to the

failure of one of the several components of the positioning

svstem. While the individual track plots are given in the

L 4 appendix, a superimposition of these tracks is plotted and

displayed in Figures 26 and 27, in order to show the actual '

coverage of these tracks over the entrance channel. Figure
26a shows the 18 recorded inbound trips in the Phase I study
» and Figure 26b completes the picture with the 7 recorded out-
bound voyages for the Phase I study. Similarly, Figures 27a
and 27b correspond to the inbound and outbound voyages for
the Phase II study.

Inspecting the inbound trajectories of both Phase I and II,

all but a few exceptions are distributed within a narrow band

around the centerline of the channel. As soon as the ships

are inside the jetties, however, they tend to stay in the
starboard side lane as Figures 26a and 27a show. The spread
of these tracks for Phase I and Phase II is about 40% and 60%,
respectively, of the current channel width.

[SETEy !
v

The nine exceptions are Phase I Voyage Nos. 6, 12, 23, 24, and
26 and Phase II Voyages Nos. 32, 33, 36, and 37. Checking the
log of our field study indicates that all the ships in these
’ voyages, except Voyage No. 33, were approaching the channel
from the north and consequently the ship tracks originate well
to the north of the centerline. If, however, outbound traffic
had been present during these transits, the inbound vessel ;
’ undoubtedly would have approached the buoyed channel from
south of the centerline. The deviation of Voyage No. 33 is
attributed to the passage of a small boat heading south across

the channel in front of the ship.

128




B D p—

{1 3ISYHJ) SIOVAOA GNNOBNI 40 SHIVHL 13SSIA e9Z IHNDIS

129

{ "ON 39VAOA




(1 ISVYHI) SIDOVAOA ANNOGLINO O SHIVHL TISSIA 99Z IHNO1 S

130

1L 'ON 39VAOA




(N ISVHA ) SIOVAOA ONNOYNT 4O SHIVHL 1ISSIA ° (7 IHNODIS

¢
[ ]
-~ R o .
SR, ° . T :
R e
S S R cor<giii e
g .)\!Hf..\\:‘\t:.\\ll. N \ .
7
.7
‘ L]
L 3 - - & - L - - N R A
o -~ |

S e a



(N 3ISYHI ) SIDVAOA ANNOKLNO FO SHIVHIL TISSIA

nZ IHNDIS

\.\\
s
s S
[ ] \;. AV
\\ g
112 s \ ’
/ / .
. . , p
v , -
F . / ; 4 . \ 4 \
\. /
\( . \;\ u} .\
. TN . : or
, SN
Ry
. o s
S a e
\\ / \..‘ . Gf
, . \ 4 .
Y .
. Sy
A AF ON 10OV AOA
N YR .
VAR
\\\\
, P
ST
i.‘w.\ ’ .
=
Y— " -
L]
[ ]
-

132




o —

The plots of the Phase I outbound tracks (Figure 26b) show

that most ships tend to stay on the starboard side lane of the
channel, both inside and outside the jetties (Sand Island

Range and Entrance Range, respectively). The deviation of
Voyage No. 29 from the others is attributable to the passage

of two inbound vessels at the channel entrance. The appre-
ciably large deviation from the channel alignment is probably
due to the heavy fog condition which prevailed. A precautionary
maneuver of this nature is made pr sible in the outermost por-
tion of the channel by the presence of deep water north of

the authorized channel section (Ref. Figure 1).

The plot of Phase II outbound tracks (Figure 27b) shows that
again most ships started from the starboard side lane. How-
ever, five vessels, Voyage Nos. 34, 35, 38, 40, and 44,
deviated from the starboard side lane. The deviation of Voyage
Nos. 35 and 38 was caused by a combination of strong ebb
currents and 35-40 knot southeasterly winds which forced these
vessels north and off of the channel range. Conversely, the
deviation on Voyage Nos. 34 and 44 was caused by strong flood
currents and 35-40 knot westerly winds which forced these
vessels into the port side lane. The deviation of Voyage No.
40 can be attributed to another outbound vessel overtaking on
the port side causing the ship in Voyage No. 40 to stay to

the north of the authorized channel.

The purpose of superimposing these ship tracks is to indicate
how the existing navigation lanes are currently utilized.

The resulting plots are of limited utility in assessing an
optimum channel width and alignment, since there was no
specific constraint on vessel tracks applied to the vessels

during the measured transits.

8.2 YAW AND SIDEWAYS EXCURSIONS

As previously mentioned, the total sideways excursion is a




combination of the osc' ..a%ory yaw motion and the sway.

» Instead of measuring y - :nd sway directly, the present Ship
Motion and Positioning S_: :em (SMPS) records the ship heading

i and position as a function of time, from which computations

must be made in order to determine the sideways excursion.

3 As shown by the sketch in Figure 28, the horizontal motions

are characterized by two major components, the path deviation
t 5 from the vessel's intended course (hereafter referred to as

! "course made good") and the yaw oscillation about the deviated
¥ path. The total sideways excursion or effective lane width

[ that the ship requires is therefore defined as the combination
of the ship track width and one-half of the ship's cross- -

channel projection caused by the yaw deviation on each side of

1 # the track. A sample of the ship track plot as drawn from the
positioning data for Voyage No. 9 has already been presented

; and discussed in Section 7.1, Figure 12. A sample of the

ship's heading data for Voyage No. 9, which is presented in

» Figure 29, clearly shows the long period (approximately one

- minute) heading oscillations corresponding to path deviation

from the course made gocd, and the short period yaw oscilla-

] tions about the deviated path. 1In addition, the ship heading

4 plot clearly shows the course changes made throughout the

transit. Referring to the heading plot and the ship track

plot it is seen that at about minute 2, a course change was

made from 280° to 258° and the ship remained on that course

between buoy Nos. 10 and 8 in the Sand Island Range. Then from

minute 7 to 13 a gradual ~course change was made from 258° to

bring the ship onto the Entrance Range.

The method of processing yaw oscillation about the ship's path

by means of computer analysis has been discussed in Section

6.2. Determination of the track width, however, is more con-

veniently done by inspection rather than computer analysis.

In general, the ship track width is scaled off of the ship

track plot. On each ship track plot, a straight-line course

is first determined. This course corresponds to that porticn
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of the track for which the ship holds a steady course and is
defined as the course made good. The track width then is the
cross-sectional span that encompasses the maximum port and
starboard deviations from the course made good.

By assuming the ship to be a rectangular box of length L and
beam B, the additional projection r, due to a yaw angle y is
given by (Ref. Figure 28):

r = R sin (a+y) (24)
2 .2 5
where R = [L“+B“] /2
o = tan—l(B/L)

In determining the effective lane width, the maximum recorded
vaw angle was used. The computer-processed yaw andgles (aver-
age and maximum), the measured track widths and the effective

lane widths for the recorded voyages are given in Table 19.

As shown in Table 19a of the Phase I data, the ship track

width, W, varies from 140 ft (Voyage No. 17) to 620 ft (Voyage
No. 15). The contribution due to yaw deviation, 2r, ranges

from 91 ft (Voyage No. 18) to 160 ft (Voyage No. 15). Voyage
No. 15 represents the roughest conditions among the 29 Voyages
of Phase I. Whereas the yaw angle and the path deviation are
both significantly larger than those of other voyages, the

ratio of the yaw contribution to the path deviation, 2r/W, for
this particular transit is 26%, which is considerably lower than
that for most of the other, easier transits. The effect of ship
vaw on the lane width requirement, therefore, seems less sig-
nificant in a relatively rough transit than in an easier transit,

as the predominant parameter here is the track width, W.

The variation of the ship track width, W, as well as the con-
tribution due to yaw deviation, 2r, is on the same order of

magnitude in the Phase II data as sh~n in Table 19b, except
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for the case of Voyage No. 44, where the effective lane width
is approximately twice as wide as the next largest one (Voyage
No. 15). The exceptional transit of Voyage No. 44 was due to
two major factors: 1) rough environmental conditions of winds
and waves, and 2) large sail area of the auto-carrier World
¥ing. The ship track plot for this particular transit is
shown in Figure 30. 1In order to show the chronological
sequence during the maneuver, the data log for this particular
transit is included in the following:

Voyage No. 44 - World Wing -~ Outbound
6 February 1980
Data recording from 1333-1409 hours

The bar has been closed since 0600 this morning and we will be the
first ship out since the bar has reopened. Wind speed is 25-30
knots from the east, gusting to 40 knots. The pilot reports that
it is very rough outside with high winds and heavy swell. The
tide is flooding and is midway between slack and high water (weak
current).

1311 - Winds are picking up, still gusting to 40 knots.

1322 - The pilot boat Peacock, which is outside the bar, radics
that the swell is short, sharp and 10-15 ft with slight slop.

1333 - We are now abeam buoy No. 12 and the data recording is
startad. The pilot says we are being set to the right of
the channel and we have about a 5° leeway.

1345 - Abeam buoy No. 8.

1349 - Abeam buoy No. 6, still 5° leeway.

1351 - 10° leeway.

1356 - 15° leeway. The pilot just commented that steerage is dif-
ficult in the strong winds, because the Worid wWirg, an auto
carrier, has a large sail area.

1402 - Abeam buoy No. 4.

1406 -~ Slowing to allow an incoming ship to be worked by the pilot
boat. We will stay to the starboard side of the channel.

1409 - End of data recording.

The crossing was rated moderate by the pilot, but he thought it
notable that no reduction from sea speed was necessary. Visibility
was reduced considerably from the beginning of the recording till
about buoy No. 6, then increased from there to buoy No. 2. Winds
remained easterly but abated somewhat to about 20-25 knots, gusting
to 30 knots. Swell unchanged, westerly, 10-15 ft and short.

During the Phase II measurements, it was hoped that the strip

chart recordings of rudder deflections could be obtained.
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Unfortunately, they were obtainable on only two voyages aboard
the Chevron Arizona. The actual recordings are included in

Appendix J.

The summation of the track width together with the yaw contri-
bution gives the effective lane width, which is regarded as

the reference value for determining the lane width require-
ment. In terms of ship beam, the non-dimensional values of

the effective lane width are also presented in Table 19. Based
upon the 40 sets of available data, it is seen that the maximum
width recorded during the entire season is on the order of

15 times the breadth of the ship. The average value of the
effective lane width is 413 ft, with a standard deviation of
195 ft. For a 90% safety, each maneuvering lane seems to
require a width of 735 ft.

Besides the values of yaw oscillation about the mean vessel
track (Figure 28), another parameter of interest is the maxi-
mum angular deviation of the ship's track from the course made
good (Figure 31). This value usually is significantly larger
than the ship yaw displacement, but the projection width due
to the angular deviation normally 1s not as large as the
curvi-linear path deviation or track width. Values of the
angular deviation and the width projection due to this angle

are summarized in Table 20.
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TABLE 20a MAXIMUM HEADING DEVIATION FROM COURSE MADE GOOD
(PHASE I)
! COURSE ] CROSS CHANNEL
VOYAGE MADE DEVIATION { CROSS CHANNEL PROJECTION
NUMBER GOOD ANGLE PROJECTION SHIP BEAM
3 (DEG) (DEG) (FT)
. 1 45.5 - - -
' 2 44.1 - - -
3 - - - -
1 4 43.7 - - -
5 46.2 - - -
6 48.0 - - -
. 7 221.6 - - -
8 - — - -
9 222.9 6.7 171 1.78
10 42 .4 10.0 208 2.16
11 225.9 7.0 175 1.82
12 54.9 9.0 205 2.08
13 42.9 7.5 180 1.88
14 - - - - |
15 44.2 36.8 368 5.41
16 226.9 10.6 163 2.40
17 46.9 4.6 153 1.55 1
18 43.4 6.0 137 1.92 4
19 223.9 6.0 172 ' 2.41 *
20 43.9 5.5 168 1.66 |
21 45.1 9.7 185 ! 2.24 :
22 44 .4 6.8 179 1.82 | ]
23 49.9 5.0 165 1.61 |
24 55.8 6.2 173 1.76 !
25 - - - -
26 52.0 4.0 146 1.48 !
27 44 .7 3.0 135 1.37
28 45.9 9.4 201 2.09
29 - - - J - i
- indicates data unavailable
Voyages 3, B8, 14 and 25 - Mini-Ranger failures
Voyages 1-7 - Heading sensor failures

Voyage 29 - Excessive course deviation due to
opposing traffic




TABLE 20b MAXIMUM HEADING DEVIATION FROM COURSE MADE GCCD
(PHASE II)

{COURSE

| MADE

CROSS CHANNEL -

|
DEVIATION | CRCSS CHANNELi PROJECTION
f

VOYAGE

l
|NUMBER| GOOD ANGLE PROJECTION SHIP BEAM
| (DEG) ' (DEG) . (FT)
. P30 i 43.6 2.0 | 119 : 1.24
L~ i 31 ¢ 226.7 8.0 : 186 ; 1.93
‘ i32 | 46.4 | 5.0 e 158 i 1.69
33 1 52.8 | 2.0 i 124 | 1.23
34 | 222.6 | 4.0 ! 147 | 1.45 g
35 | 225.0 | 14.0 | 222 | 3.10 |
36 | 68.6 | 5.5 i 141 ; 1.71 :
b37 | 57.1 6.0 i 169 1.68
| 38 | 223.8 | 17.0 | 289 | 2.86
39 1 44.9 5.0 | 152 1 1.59
40 | 231.5 | 4.0 ] 141 | 1.47
a1 | - - | - ; -
L 42 ? 44.5 | 4.0 | 126 f 1.57
43 1 50.7 3.0 % 120 | 1.33
' 44 | 230.5 ; 1i.0 | 197 : 2.18
: 45 | - | - ! - | -
46 1 221.3 3.0 ! 158 1.36
47 1 45,4 | 5.0 - 126 1.77
.48 47.0 5.0 165 1.61
, .49 - - - -
50 ¢ 225.0 | 6.0 166 1.65
51 44.7 11.0 199 2.41
52 12.3 8.5 199 2.02
53 49.6 4.5 152 1.51
' - indicates data unavailable
Vovages 41 and 453 - Mini-Ranger Zfaillures

Voyage 439 - Data grocessor failura




9.0 SPECTRA ESTIMATES

5.1 SHIP MOTION SPECTRA

Pitch, roll and vertical bow motion spectra were computed for
each transit of the second phase study, together with several
selected transits of the first phase study for which the
measured wave data were available. These srectra were com-
puted through the Fast Fourier Transform (FFT) procedure [16.
Owing to the limited memory space of +he HP9845 desktop com-
puter, a maximum of 256 data points was used for each data
segment. With the time interval 2t of 1 second selected for ~
the process, each segment of data covers approximately a

transit distance between two adjacent buoys in the channel.
Consequently, three segments of data corresponding to transits
from buoy Nos. 2 to 4, 4 to 6, and 6 to 8 are processed for each
voyage. Finally a segment averaging procedure [17] was

applied to the results of the three segments of data to obtain
the spectra estimates representing the entire transit between
buoy Nos. 2 and 8. As a typical example, a complete set of the
motion spectra for Voyage No. 31 is shown in Figures 32, 33, and
34. From each of these figures, the spectral distributions
along the channel segments can be compared and the validity

of whether the average spectra is representative for the

entire transit can be justified. To summarize the results

for all the voyages processed in this study, the average
amplitude, the average period, and the peak period are tabu-
lated and presented in Table 21. Plots of the computed spectra
representing the entire transit between buoy Nos. 2 and 8 are

presented in Appendix K.

During the second phase of the study, the periods of pitch and
roll responses were recorded using the simple stopwatch timing
technique. The peak spectral periods and the average periods
processed between buoy Nos. 2 and 8 are compared with the

observed values and are shown in Table 22. The average period
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TABLE 21b
SUMMARY OF SPECTRAL ANALYSIS ON ROLL DATA
]
) { AVERAGE AMPLITUDE AVERAGE PERIOD E PEAK PERIOD
| (DEG) (SEC) f (SEC)
| e
| vovace BUOY . BUOY } BUOY
“ NUMBER| 2-4 4-6 6-38 2-8 | 2-4 4-6 6=8 2-8 | 2=4 4=-5 3-8 2-3
’ 15 3.7 5.6 4.9 4.8 |12.7 13.0 12.0 12.6|10.5 11.1 10.5 10.9
16 4.4 4.7 6.3 5.2 [10.9 11.5 11.5 11.2 12.4 12.5 10.9 13.3
19 2.4 4.5 8.4 5.7 !13.9 13.6 14.1 13.9}13.9 14.1 14.5 14.7
20 1.6 2.1 3.2 2.6 |15.7 15.1 14.6 15.0 16.9 13.9 13.9 13.3
21 4.1 4.4 5.7 4.8 |14.7 15.1 15.7 15.3|14.5 14.7 15.4 15.2
22 2.6 3.0 3.3 3.0 |13.3 13.6 14.5 13.9|12.8 12.5 14.3 14.3
’ 30 0.4 0.4 0.5 0.5 | 9.6 11.1 11.1 10.7{ 9.5 10.9 10.9 10.2
v 31 | 2.6 1.9 3.7 2.8 |10.7 10.1 10.2 10.3|10.9 9.9 10.2 10.0
' 32 /1.5 1.8 2.1 1.8 |16.2 16.9 15.4 16.1 ' 15.4 20.0 14.3 16.1
33 1 0.4 0.5 0.5 0.5 |11.6 14.3 14.7 13.7 | 11.2 16.8 20.4 22.2
34 0.8 1.2 1.2 1.1 |10.5 10.6 11.5 10.9:@12.7 12.4 12.5 12.5
3 1.1 1.1 1.0 1.1 (12.0 12.5 11.5 12.0,15.4 16.4 17.0 12.8
' 3 2.0 1.6 1.8 1.8 |[19.1 19.1 20.7 19.8|17.2 17.0 22.2 18.2
37* | 0.3 0.3 0.4 0.3 |11.7 9.8 11.5 11.1]| 24.4 27.0 48.8 32.3
} i 10.0 10.1 10.1
38 HE - - - - - —_— - - - - -
39 ;0.5 0.3 0.4 0.4 [16.0 10.6 13.3 13.7[ 9.5 22.7 20.0 20.0
40 | 1.7 0.9 0.8 1.2 | 9.8 9.7 9.9 9.8/ 9.9 9.9 9.8 9.9
‘ 41* | 1.0 1.2 1.2 1.1 |14.4 18.9 17.9 17.1] 40.1 50.0 40.1 32.4
| 14.3 12.8 12.5 13.0
42 | 2.3 2.0 2.1 2.2 {17.7 18.9 18.8 18.4| 17.1 18.4 17.1 16.8
43 0.9 0.9 1.2 1.0 |16.3 15.2 15.8 15.7| 18.4 17.6 15.4 17.6
44 0.5 1.2 1.4 1.1 {12.2 14.2 13.4 13.6| 15.2 15.4 16.2 15.4
45 0.7 0.7 0.8 0.8 |11.8 11.7 11.5 11.6| 11.7 12.0 11.2 11.2
¢ 46 0.3 0.4 0.5 0.4 | 8.7 9.7 9.6 9.4|15.4 12.1 12.5 12.3
47 1.1 6.0 1.7 1.3 |16.3 15.9 15.2 15.5| 16.7 16.4 16.7 17.2
48 1.6 2.4 2.2 2.1 |13.7 14.3 14.4 14.2 | 14.3 15.6 16.1 14.7
49 S
50 1.2 1.8 0.9 1.4 |10.7 11.0 10.7 10.9] 11.1 11.1 11.1 11.1
. s1 5.5 5.1 4.3 5.0 |18.6 17.3 17.2 17.71 20.0 22.7 18.5 20.0
‘ 52 1.8 2.0 3.0 2.3 |16.6 16.1 16.1 16.2| 16.7 16.1 14.9 14.7
53 0.4 0.5 0.8 0.6 |10.3 10.9 13.0 11.9 10.8 10.9 11.1 11.1

* Two major peaks in spectral plot
-- No data due to equipment failure
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TABLE 21c
SUMMARY OF SPECTRAL ANALYSIS ON BOW

EXCURSION DATA

AVERAGE AMPLITUDE AVERAGE PERIOD PEAK PERIOD
(FT) (SEC) (SEC)
VOYAGE BUCY ’ 3UQY | BUOY
NUMBER! 2-4 4-6 6-83 2-8 , 2-4 4-6 6-3 2-8 2-4 4~5 6-3 2-3
15 6.4 6.3 5.7 6.3 10.2 12.4 11.8 11.4 | 23.3 22.2 20.2 23.3
16 10.5 8.8 9.0 9.5 9.2 9.1 9.0 9.1 }111.5 8.3 11l.1 11.1
19 5.3 6.4 8.8 7.0 8.6 9.0 8.5 8.6 9.2 11.0 8.4 8.6
20 1.9 2.3 3.9 3.0 8.5 8.6 10.3 9.4 116.9 16.8 17.2 17.2
21%* 4.3 4.7 5.6 4.9 11.8 10.9 11.6 11.3 |28.7 25.6 23.3 26.3
16.7 14.9 15.9 1l1l6.1
22 3.5 4.2 5.2 4.3 9.9 10.5 12.4 11.11}12.5 14.5 14.7 14.3
30* 1.6 1.8 1.7 1.7 7.3 8.0 7.5 7.6 |10.5 14.3 8.3 10.5
10.9
31 9.911.3 11.711.0 9.7 9.9 9.6 9.7 10.9 10.0 9.9 9.7
32 2.4 2.9 3.5 3.0 8.1 8.9 9.4 8.9 33.3 25.0 19.9 20.0
33 1.2 1.4 1.3 1.3 7.6 7.9 7.2 7.6124.4 18.2 20.8 20.4
34 4.3 4.9 4.9 4.7 7.2 7.4 4.9 7.4 8.4 8.1 7.4 7.8
35 4.4 3.9 4.1 4.1 8.3 8.1 7.8 8.1 8.3 8.9 7.7 7.8
36 1.6 1.6 2.0 1.8 7.3 7.4 7.6 7.4 8.0 14.3 7.7 7.7
37 1.8 1.4 1.3 1.5 10.0 8.7 7.2 8.7 127.0 32.3 32.3 29.4
38 - -— - -—- - - - - - - - --
39 0.8 0.8 0.9 0.8 7.0 6.7 7.4 7.1 125.0 30.3 29.4 28.6
40 8.6 8.0 9.1 8.6 9.2 9.2 9.7 9.4 11.5 12.0 13.0 11.8
41% 1.0 1.2 1.5 1.2 7.7 7.8 8.0 7.8 |40.1 10.7 10.0 10.0
10.9
42 1.1 1.3 1.5 1.3 7.7 9.0 8.0 8.2 119.4 31.8 29.3 28.8
43 2.7 2.4 2.4 2.5 3.9 4.4 4.1 4.1 | 24.9 25.3 29.7 29.7
44 6.6 7.6 6.7 7.0 5.9 7.1 7.6 6.8 9.0 9.0 8.0 9.0
45 1.1 1.4 1.6 1.4 5.9 7.1 5.7 6.6 1 17.2 23.6 24.9 24.9
46 8.0 8.3 7.6 8.0 5.1 4.4 5.9 5.0 9.9 9.9 9.5 9.9
47 1.6 1.7 2.4 1.9 8.2 8.3 9.0 8.6 | 33.3 33.3 30.3 30.3
48* 3.0 2.9 2.8 2.9 8.0 8.2 5.8 7.1420.0 16.4 17.0 20.0
7.6 7.6 9.5 7.6
49 - -— - - - -- -— - - - - -
50 6.9 8.3 6.3 7.2 7.7 8.6 8.7 8.3111.1 10.1 9.1 10.1
51 3.3 3.6 2.6 3.2 9.6 9.4 7.5 8.9 | 25.6 23.8 18.2 25.6
52% 3.2 3.3 4.7 3.8 7.4 8.6 7.5 7.7 123.8 29.4 20.0 23.8
12.2 12.2 10.9 12.5
53* 0.6 0.7 1.1 0.8 6.0 7.2 9.6 8.0 | 25.6 18.5 25.0 23.8
9.4 11.1 11.1
* Two major peaks in spectral plot

-- No data due to equipment failure
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TABLE 22
COMPARISON OF AVERAGE AND PEAK PERIODS PROCESSED BY SPECTRAL
METHOD WITH OBSERVED PERIODS OF PITCH AND ROLL MOTIONS
r 1
ri PITCH ROLL j
! T !
AVERAGE PEAK AVERAGE PEAK | |
VOYAGE | SPECTRAL | SPECTRAL | OBSERVED | SPECTRAL SPECTRAL | OBSERVED |
NUMBER | PERIOD PERIOD PERIOD PERIOD |  PERIOD | pERIOD !
(sec) (sec) (sec) (sec) | (sec) I (sec)
k: 30 7.8 10.5 10 10.7 | 10.2 ! 10
~ 31 9.7 9.5 10 10.3 | 10.0 | 11
32 8.9 20.0 N/A 16.1 16.1 S 72 S
33 7.8 20.2 N/A 13.7 22.2 ! 15 I
34 6.9 8.3 8 10.9 12.5 | 12|
35 8.7 9.4 9 12.0 12.8 boN/A
36 7.8 8.0 N/A 19.8 | 18.2 | 20 |
37 8.9 28.5 N/A 1.1 | 32.3/10.1* ]  n/A |
384 - - N/A - - | N/A |
39 7.4 27.0 N/A 13.7 ‘ 125.0/2C.0* I N/A !
40 9.5 12.5 13 9.8 | 9.9 bon/a |
41 7.9 10.0 14 17.1 32.4/13.0 | 1!
42 8.4 29.3/7.7* 28 18.4 16.8 | 18 |
. 43 4.2 29.7 18 15.4 17.6 ! 15 |
44 7.3 8.9 10 13.6 15.4 ! 17
45 7.0 24.9 10 11.6 11.2 1 15
46 5.1 9.9 8 9.4 | 12.3 | 10
| 47 9.0 30.3 14 15.5 ! 17.2 ! 15 f
| 48 7.2 20.0/7.5* 12 14.2 14.7 ? 14
| 494 - - N/A - ! - : 14
50 8.7 10.1 11 10.9 ! 11.1 ‘ 14
51 8.8 25.0/8.2% 15 17.7 | 20.0 ! 16 |
52 7.8 23.8/12.2* 18 16.2 | 14.7 ! 14 !
L, 53 8.5 23.8/11.1* 18 11.944J 11.1 : 13 j

* Two major peaks in spectral plot
A No spectral data due to equipment failure




is calculated from the spectral density function s(f) by
T = fs(f)df fs(f)f df (24)
0 0

It appears in general that the observed values agree more with
the peak spectral periods than the average periods.

The average response amplitudes presented in Table 21 are
obtained based upon the assumption that the spectra are
narrow-banded and thus the Rayleigh law of distribution applies.
These values compared with those processed from the method of
time history are presented in Table 23. The good agreement
shown through these tabulated values indicates further that
vessel motions in the channel are approximately Rayleigh dis-
tributed as discussed in Section 7.

9.2 WAVE SPECTRA

Wave measurements and the radar image system were started in
the latter part of the Phase I study and continued for the
entire Phase II study. All data are to be processed by the
U.S. Army Coastal Engineering Research Center. The processed
data which are available to this project are summarized in
Table 24. Plots of wave spectra for those voyages are included
in Appendix G. Wave data for Vovage Nos. 20, 21, 22, 30 and
31 were obtained from a Waverider buoy near the lightship.

The remaining wave data were obtained from wave gauges which
were installed in the Coast Guard navigational lightbuoy which
replaced the lightship. All wave measurc¢ments were made in
deep water relative to the channel depth. The observed wave
heights and periods, also near the lightship, are included in

the table for comparison.
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TABLE 23

METHOD WITH THAT OBTAINED FROM TIME HISTORY

COMPARISON OF AVERAGE AMPLITUDES PROCESSED BY SPECTRAL
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TABLE 24
SUMMARY OF WAVE SPECTRA DATA AND OBSERVED WAVE DATA

i } SPECTRAL DATA . OBSERVED DATA
| w ~+— \ -
| SIGNIFICANT [PEAK SPECTRAL| ; |
VOYAGE | WAVE ! WAVE WAVE ' WAVE |
NUMBER | HEIGHT ! PERIOD | HEIGHT | PERIOD -
, { | (ft) i (sec) bo(ft) 1 (sec) -
! —
. 20 | 9.6 ; 12.3 10-12 | 10-11
: 21 | 13.6 : 14.1 10 . 8-10 |
22 10.1 | 10.8 10-12 | 10 |
P30 3.8 | 10.8 5 8
31 9.0 } 14.1 §-10 ' 8 |
324 - | - 6-8 10
33 3.9 ' 8.3 2-4 10 |
34 7.2 | 9.1 6 9
35 9.8 ! 12.5 6-8 j 8-10 |
36 7.4 i 8.3 [ 3-6 | g !
37 7.8 | 12.5 | 6-8 | 0
38 12.6 | 7.7 l 6-10 | 6=7
. 39 4.3 | 9.1 | 4-6 8 | )
- 40 12.9 1 11.1 | 8 g
’ 41 4.0 | 16.7 | 3-5 8=10 |
42 5.3 . 11.1 | 6-8 13
43 7.5 ; 12.5 | 6-8 10
44 14.3 | 11.1 10-15 8
45 5.5 | 12.5 4-5 10 |
5 468 | - | - 4-6 | 8-10 '
47 | 6.3 14.3 6-8 | 8-10 i
48 | 7.9 6.3 . 2-4 8-9 |
49 9.6 12.5 . 4-6 13 ;
50 8.0 14.3 8-10 | 12-13
51 9.9 14.3 6-8 6-8 :
524 - - 8-10 12 ;
534 L - - 2-4 | 9-10 | !
j i

NS EP

" Data provided by U.S. Army Coastal Engineering Research Center
A Spectral data unavailable for these voyages

PO
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10.0 SUMMARY AND CONCLUSIONS

The environmental conditions at the Columbia River Entrance
are known to be severe from the standpoint of vessel opera-
tions. Strong currents which set across the entrance channel
alignments, impaired visibility during the late summer through
winter months, and high wind and wave conditions associated
with winter storms create a navigational environment which
requires considerable judgment and caution on the part of the

mariner.

During the period of the project field operations, however,
the conditions at the river entrance were not as severe as

was expected. Out of 29 bar crossings in the first phase

from May 1978 through March 1979, 21 were rated "easy" by the
pilots. O©Of the remaining eight crossings, six were rated
"moderate" and two “difficult". The conditions during the
second phase from October 1979 to April 1980 were considerably
rougher in terms of winds and waves. However, because the
channel is not open for ship traffic in wave conditions which

exceed a certain limit, regulated by the pilots, and the random

nature in which vessels were selected for monitoring the measure-

ments cobtained in Phase II are in fact not significantly dif-
ferent from those of Phase I. Of the 24 bar crossings in the
second phase, 20 were rated "easy", four "moderate", and none
"difficult”.

The environmental parameter which distinguished the "moderate"
and "difficult" crossings was swell height, which began to
adversely affect vessel navigation when it reached about 10
ft. It seems plausible that seas of this magnitude would also
exert a significant negative influence when encountered. When
wave heights were less than 10 ft, the other environmental
factors such as visibility and currents appeared not to pose a
major obstacle to vessel use of the entrance channel. When
high wave conditions were present, however, the other factors
assumed an increased importance in rendering safe navigation

difficult, or, in some cases, impossible.
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An additional factor affecting the difficulty of crossings

was the vessel draft. The pilots exercised greater caution
when bringing deep-drafted vessels across the bar in rough
conditions to prevent grounding. A first precautionary measure
was to reduce speed, while in more extreme wave conditions,
vessels exceeding a certain draft were not permitted to cross
the bar. These measures were dgenerally applied at the dis-

cretion of each individual piloct.

A total of 18 ships were utilized in the project. These ships
have a design draft ranging from 29 to 37 ft, representing the
deeper-draft vessels which frequent the channel. Categorically
these 18 vessels belong to four groups--o0il carriers, container
carriers, bulk carriers and auto-carriers. Whereas the vessel
characteristics are not identical among these four groups of
ships, they fall into the same approximate length class and

their response behavior is not significantly different.

Analyses of the data obtained from all 53 recordings have been
conducted. In these analyses, no effects of ship form or
characteristics are considered as they are of less significance
than other parameters. In general, the data show that the
dominant factor affecting vessel motions is wave conditions.
However, wind, current and weather conditions may further hinder
the safe navigation of the entrance channel when the wave
conditions are sufficiently severe. Additionally, ebb tide %
currents known to mariners who frequent the channel, worser

wave conditions and pose a major problem to vessel navigation. w
However, they were observed to affect vessel operations only

when the incoming waves reach 10 ft or higher. Under the

influence of a strong ebb current, offshore waves with a
height in excess of 10 ft may begin to break in portions of
the entrance channel.

The predominant swell directions recorded were between north-

west and west. Under these wave conditions, the inbound vessel

follows a quartering stern sea whereas the outbound vessel
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: heads into a guartering bow sea. Consegquently, a vessel experi-

’ ences higher vertical responses in outbound voyages than in-
; bound voyages when the wave length is approximately on the
o order of the ship length. (The average period of the waves
observed in this study is 9 seconds, and the corresponding

¢ wave length is approximately 400 ft in deep water).

An effort to analyze the measured data statistically has also
been tried. The results of the analysis may be summarized as

’ follows:

1. Statistical analyses of the measured data show that there
is no significant difference between the Phase I and Phase

' II data, although the environmental conditions were not

the same. The data collected from the second phase program,

thercfore, provide additional support to the results

derived from the first phase study. Since all ship tran-
' sits are subject to an inherently regulated environmental
- criterion, the bar closure, the combined data seem suf-
ficient to provide representative statistics, although
the environmental conditions of both years monitored are

‘ not representative of typical winters.

2. Considering the data from each voyage independently, the
frequency distributions of pitch, roll, heave and the

' vertical motions at various locations of a vessel have

been shown to follow the Rayleigh law of distribution.

Consequently, significant vessel motions for a particular

transit can be predicted with confidence, if the character-
istics of vessel response with respect to environmental

parameters are known.

3. Assuming the 18 ships monitored in the project to behave
equally and allowing the environmental conditions to vary
over a range that the ships may encounter, a long term

statistical pattern of the transit vessel motions has
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been investigated based upon the measured data. The
. analysis shows that the vertical vessel motions appear
to be logarithmically normal distributed. As indicated
by the distribution diagram (Figure 21), on the basis of
duration the probability for all vessels over all transits

' to exceed a 15-ft vertical excursion is about 1%.

] 4. From extreme value analysis, it is shown that there is a

90% probability that a given transit may experience a

3 . vertical excursion of up to 23 ft*. It is understcod that

this probability is described in terms of voyage or transit

§ rather than duration, as used previously. Similarly, the i 
maximum vertical penetration of a vessel is predicted to

. be 53 ft based on a 90% probability.

5. The maneuvering lane width 1is governed by the vessel con-
trollability and maneuverability as well as the weather

and wave conditions encountered in the channel. Analysis
of the measured data available in 40 of the 53 voyages
shows that the average lane width calculated i1s 410 ft,
with a standard deviation of 195 ft. This result indicates
the vessel maneuvering width to be 730 ft based on a 90%
probability.

6. The results that short term observations follow the Rayleigh
law of distribution and long term data are distributed
log~normally indicate that ship motions in the channel
are essentially linear. This conclusion applies at least

to the case of channel depth/draft ratios ranging from

1.6 to 2.6, the range covered by tr~ present data. Con-
sequently, it can also be concluded that the application
of systematic analysis of vessel motions through linear,
analytical methods should provide a convenient, valid pro-
cedure for channel design, and be of great usefulness to

the overall program on navigational channel development.

* This is equivalent to saying that the probability to exceed
a 23 ft vertical excursion is 10%.
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